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INTRODUCTION 

The manufacture of wine, grape-juice, and raisins and the shipping 
of grapes depend very largely upon the control of micro-organisms, 
particularly of those occurring naturally upon the fruit. This eco- 
nomic fact and the scientific interest of the subject led to a study of 
the micro-organisms occurring on the grapes of California. The 
investigation was qualitative and quantitative, covering the effect on 
type and number of micro-organisms of (a) locality, (b) degree of 
ripeness, (c) shipment from vineyard to winery. It included studies 
of {d) the micro-organisms normally found on grapes as received at 
the winery, (e) their control in fermentation, and (/) their morpho- 
logical and physiological characteristics. 


I. GENERAL DISCUSSION OF GRAPE MICRO-ORGANISMS 

Several groups of micro-organisms are normally found on grapes. 
These may be classified under the general terms: (1) Budding fungi, 
including molds, true yeasts which form spores, and pseudo-yeasts, 
which do not form spores ; and (2) fission fungi, including bacteria 
(non-motile rods), bacilli (motile rods), the various forms of Coc- 
caceae, and the fission yeasts. 

Representatives of all the above groups except the bacilli, Coc- 
caceae, and fission yeasts were found in California grapes. Most 
attention has been given to the fermentation organisms: i.e., yeasts. 
The molds and bacteria have in most cases been merely listed. 

The more important forms of organisms occurring on grapes are 
the following: 
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Molds 

PenicHMum. — This group includes a large number of varieties, 
which are the most widely distributed and common of all the molds. 
They are characterized by the method of formation and grouping of 
conidia shown in a typical manner in figure 1. 

The most common mold of this group met with on grapes is Peni- 
cilUum glaucum or Penicillium expansum. It is the common green 
mold and is the cause of moldy fiavors in grapes, barrels, etc. 

During the first stages of growth it appears as a cottony, white 
mass of mycelial threads. These white threads soon develop fructifi- 
cations bearing large numbers of conidia that are green in young 
cultures and brown in old. These give a powdery appearance to the 
culture. The individual conidiophores are branching and present a 
broomlike appearance under the microscope. 

It does not carry on alcoholic fermentation, but may destroy sugar 
by oxidation to COj and HoO or the formation of penicillic acid. 

Aspergillus niger, — This is a black mold of very common occur- 
rence on California grapes (see fig. 1). On grapes and must it forms 
a white mycelium from which spring short rods bearing aggregations 
of black cells. These conidiophores are not branching, thus differing 
from penicillium. These groups of cells are easily discernible with 
the unaided eye. On the grapes of some districts the spores or conidia 
may be broken away from the main growth of the mold during pick- 
ing and rise as a black dust. At present it is not held to be very 
harmful in wine making. 

Oidium or Powdery Mildew of the Vine, — This fungus is of more 
concern to the grape grower than it is to the wine maker and will be 
found fully described in Bulletin 186^ of the University of California 
Agricultural Experiment Station (see fig. 1). This mold may pre- 
vent the grapes reaching maturity or may^ cause them to crack and 
thus to be liable to attack by penicillium. In both cases, the grapes 
affected may become unfit for wine making. The microscopical appear- 
ance of the summer form of the powdery mildew is shown in figure 1. 
It occurs most commonly as a downy w^hite growth on the leaves, canes, 
and grapes during moist or foggy weather and is most prevalent dur- 
ing early summer. It forms winter spores or perithecia on the canes, 
in which form the organism lives through the winter. 

^Bioletti, F. T, (Oidium or Powdery Mildew of the Vine), Univ. Calif, ^3xp. 
Sta., Bull. 186, pp. 317-327, 1907. 
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Figure 1 

Molds from California grapes: 

1. Penicillium variety from California grapes, magnified 800 diameters. 

2. Aspergillus variety from California grapes; X 800. 

3. Botrytis cinerea from California grapes; X 800. 

4. Mucor variety from California grapes; X 150. 

5. Oidium or Powdery Mildew from California vine, summer form; X 800. 

6. Brown mold, parasitic fungus from California grapes; X 800. Species 

and variety not determined. 
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Botrytis cinerea . — This mold is a parasite or facultative sapro- 
phyte occurring on grapes in moist climates (see fig. 1). It rarely 
develops on California grapes during the wine making season but is 
often found on grapes left on the vine during the winter. It appears 
as a gray, matted growth on the surface of the grapes. The indi- 
vidual fructifications may be seen with the naked eye on short upright 
conidiophores. Under the microscope, the conidia may be seen in 
grapelike clusters. 

The mold did not grow readily in culture media, but will develop 
profusely on infected grapes in a moist jar. 

In Europe, the Botrytis is considered beneficial in the Sauternes 
district, because it causes a concentration of the sugar content of the 
grapes by favoring evaporation of the moisture. It produces also an 
oxydase that acts vigorously upon the color of the grapes or wine. 

Mucor , — Mucor mold will nearly always be found in an examina- 
tion of California grapes (see fig. 1). Since it develops very slowly 
in comparison with the commoner molds and yeasts found on grapes 
it is not probable that it does very much harm in wine making. 

In pure cultures, it produces a gray filamentous mass of mycelial 
threads, from which upright rods are given off, bearing at their upper- 
most ends spherical sporangia filled with large numbers of spores. 
These sporangia are easily seen with the unaided eye. Most of the 
mucor molds are capable of forming yeast like cells and carrying on a 
feeble alcoholic fermentation in sugary liquids. 

Monilia . — The monilia molds and especially Monilia Candida occur 
very commonly on fruits of all kinds (see fig. 8 ). Most of the grapes 
examined in 1912 bore considerable numbers of the cells of this 
organism. 

In young cultures, it forms colorless yeastlike cells and gives a 
feeble fermentation. The fermentation is followed by a moldlike 
growth on the surface of the grape must, etc., which in old cultures 
becomes olive green in spots. 


True Yeasts 

Culture Yeasts, — (1) Saccharomyces ellipsoideus (True Wine 
Yeast). In general, the ellipsoideus yeasts are characterized by rapid 
growth in grape must with the production of a strong fermentation, 
yielding 10% to 16% of alcohol. They differ from the beer yeasts, 
S, cerevisiae, principally in their higher alcohol-forming power and 
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in the flavor of the fermented liquids, the wine yeast giving a vinous 
flavor to fermented liquids and the beer yeast a beer flavor. In grape 
must, the 8, ellipsoidcus forms a cloudy growth and a pasty or gran^ 
ular sediment in the bottom of the container during the main fer- 
mentation. After fermentation is complete the suspended cells settle 



3 . VtNCGftFi Bficrem/fx/ooo ^ TOURNe BfKTCRlflKtOOO. 


Figure 2 

Molils aiul yeasts from California grapes: 

1. Deinatium variety from California grapes; X 800. 

2. Monilia variety from California grapes; X 800. 

3. Vinegar bacteria from California grapes; X 1000. 

4. Tourne bacteria from California wine; X 1000. 


out, giving a clear liquid and compact sediment. Under suitable con- 
ditions spores are formed. The usual shape of the cells is shortly 
ellipsoidal, although this will vary from spherical to elongate, with 
the different varieties. The shape of the spores is spherical. The 
appearance of several specimens of 8, ellipsoidcus from California 
grapes and of cells containing spores will be found in figures 5 and 6. 
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The main part of all wine fermentations is carried on by this yeast. 
There are a great many different varieties in this group and these vary 
considerably in their suitability for wine-making purposes. Modern 
methods of wine making aim to make use of the most desirable 
varieties. 

2. Saccharomyces cerevisiae (Beer Yeast). — It is possible that 
these yeasts occur on grapes to a more or less limited extent, depend- 
ing upon the proximity to vineyards of breweries or distilleries using 
these yeasts. No reference has been found in the literature describing 
their occurrence on grapes and none have been found on California 
grapes. There is probably little likelihood of their being present on 
grapes in sufficient numbers to influence in any way the fermenta- 
tions. This yeast is worthy of mention in connection with wine mak- 
ing, however, because it has been used in the past to start wine fer- 
mentations. Where brewery yeast is so used, it produces a wine of 
beerlike flavor and low alcohol content and with an excess of unfer- 
mented sugar. Such a wine is not palatable and is very liable to be 
attacked by bacteria and to be lost through bacterial decomposition. 

3. Saccharomyces malei. — This yeast occurs on apples and is 
similar to S, eUipsoideus, but usually forms less alcohol. It was not 
found on any samples of grapes examined, but probably occurs occa- 
sionally on grapes. 

Wild Yeasts. — (1) Saccharomyces pastorianus. — This group of 
yeasts is characterized by its elongate or sausage-shaped appearance 
and its ability to form spores. Members of this group of yeasts have 
been found on two samples of California grjfpes. They form small 
amounts of alcohol in grape must and at the same time usually pro- 
duce undesirable flavors and odors — usually a bitter flavor. The mic- 
roscopical appearance of a culture of S. pastoriavus yeast from Cali- 
fornia grapes is shown in flgures 3 and 6. 

2. Saccharomyces anomalus {Willia Yeasts). — The yeasts of this 
group are characterized by the production of hat-shaped spores. The 
appearance of such spores is shown in figure 7. The members of this 
group grow rapidly in must and form a wrinkled film. They carry 
on a weak fermentation with the production of small amounts of 
alcohol. Liquids fermented b}^ these yeasts are high in aromatic com- 
pounds of various sorts and for this reason their use has been sug- 
gested as a means of flavoring various fermented beverages. Cells 
from a culture isolated from California grapes are shown magnified 
1000 diameters in figures 3 and 6. 
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3. Saecharomyces ludwigii. — This yeast has been found on grapes 
grown in Europe. In microscopical appearance it resembles the 
8. apiculatus yeast, but is much larger. It was not found on Cali- 
fornia grapes. 

4. Saecharomyces marxianus. — This yeast has been reported as 
being present on grapes. It is recognized by its kidney-shaped spores. 
It was not found on the samples of California grapes examined. 


Pseudo-Yeasts 

Apiculatus Yeast. — The apiculatus yeast {Saecharomyces apicu- 
latus, Hansenia apiculata) is recognized by the peculiarly pointed ap- 
pearance of many of its cells (fig. 3). According to most authorities it 
does not form spores and so is placed in the group of pseudo-yeasts. 
According to Lindner, however, it forms spores in drop cultures, one 
spore per cell. It carries on a feeble bottom fermentation in grape 
must but does not have the power to ferment saccharose, maltose, 
or lactose. In must it gives from 0% to 6% alcohol and at the same 
time produces fruity flavors and odors. It settles more slowly and 
less completely than 8 . cllipsoidpus. Apiculatus yeast probably does 
more harm in wine making than all other varieties of wild yeasts com- 
bined, because of its large numbers on grapes and its very rapid 
development after the grapes are crushed. It develops so rapidly that 
the first stag(‘s of most natural wine fermentations are carried on by 
this yeast and the preliminary fermentation of grapes is often spoken 
of as the *‘apiculate’^^stage. During this preliminary fermentation 
it produces undesirable flavors and aromas, destroys yeast food that 
should have gone to the true wine yeast, forms compounds deleterious 
to the vigorous development of the true wine yeast and gives a great 
many cells of low specific gravity that settle out slowly after the main 
fermentation is over. After the 8. ellipsoidcus yeast has formed 8 to 
10 per cent alcohol the Apiculatus yeast is killed and will not be found 
in the living state in the finished wane. 

Mycoderma Types. — The Mycoderma forms are known to all wine 
makers as ‘Vine flowers^’ (fig. 4). They are present in considerable 
numbers on uncrushed grapes and have been found on nearly all 
samples of California grapes so far examined. In pure cultures in 
liquids, they appear as white films, usually more or less deeply 
wrinkled. From time to time portions of the pellicle are detached 
and fall to the bottom giving in time a large amount of sediment. A 
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feeble fermentation is carried on at the surface of the liquid, pro- 
vided that it contains fermentable sugar. Under the microscope the 
yeast appears as cells of irregular shape and size, the usual form, how- 
ever, being elongate or sausage-shaped. The cells tend to adhere 
together in groups and chains. It is thought that the cells are main- 
tained at the surface of the liquid by means of small bubbles of air 
occluded between them. 

In pure cultures in grape must, the Mycoderma yeasts are capable 
of destroying varying amounts of sugar with the production of small 
amounts of alcphol, in most cases, and obnoxious flavors and aromas. 
It is probable that in many natural wine fermentations they are more 
or less active at the beginning of the fermentation. They undoubtedly 
cause trouble in tanks of wine that are not kept well filled during 
storage. They are aerobic. 

Torula Yeasts . — Under the heading of Torulch are placed most of 
the yeasts that do not fit into other groups. Consequently, this name 
covers yeasts of wide variation in properties. As a group they do not 
form spores; they form small amounts of alcohol, do not normally 
develop as a film growth, and the form considered as typical is spher- 
ical, although there is considerable variation from the typical form. 
They are found on grapes fairly commonly, though less abundantly 
than S. apiculatus and Mycoderma. Two forms from California 
grapes are shown in figure 3. 


IT. PROPERTIES OP MOLDS AND BACTERIA PROM 
CALTPORNIA GRAPES 
Sources op Cultures 

In 191 1 micro-organisms were isolated from grapes received at the 
winery of J. E. Colton, Martinez, California, and from grapes picked 
at the University Farm, Davis. Samples were obtained in 1912 from 
Presno and El (Jentro. The properties of these micro-organisms were 
studied more or less in detail. Most attention was paid to the or- 
ganisms and characteristics that were of importance in wine making. 

Method of Separation. — The materials used in the separation of 
the various types of organisms present on the grapes were sterile 
grape must agar, sterile grape must, petri dishes, and a small platinum 
inoculating rod. The grape must agar was made by dissolving 20 
grams of agar agar in 1000 c.c. of boiling water to .which was added 
60 c.c. of grape must after the agar had dissolved. It is necessary 
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35. 8. apieulatus from Davis grapes. 

72, 8, apiculatus from Acanipo grapes 
37. Torula from Davis grapes. 

77. Torula from Contra Costa County grapes. 

36. S. pastorianus from Davis grapes. 

69. Willia species from Acampo grapes. 
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to use this high diluation of must in the agar in order that the agar 
will not be hydrolyzed by the acid of the must. At this dilution the 
agar contains about .05 per cent acid as tartaric. This should permit 
the growth of all forms. The hot agar solution was filtered through 
cotton wool and filled in 30 c.c. portions into test tubes plugged with 
cotton wool. It was sterilized at 15 pounds pressure in an autoclave. 
The grape must was clarified by boiling with the white of egg and 
filtration. The clear must was filled into plugged test tubes and 
sterilized at lOO'^ C. The Petri dishes were sterilized in packages of 
three by dry heat. The type of dish used is shown in figure 3. 

Samples of the grapes received at the winery were taken from the 
center of the boxes and crushed into sterile containers. A small 
amount of the must was in each case transferred by a sterile platinum 
wire to a tube of melted agar kept at 40° C to 45° C, and further 
dilutions were made by transfer to other tubes of agar. 

The organisms were separated by growth on agar must. They were 
purified by replating on the same medium. Subcultures were then 
made in sterile must, on agar slants and permanent stock cultures were 
made in sterile 10 per cent cane sugar in Preudenreich fiasks. 

The pure cultures obtained in this way are discuvssed in groups, 
the members of each group having certain characteristics in common. 
No attempt has been made so far to study the molds and bacteria in 
detail and for this reason they have simply been listed with a few 
words of explanation. 


Molds 

Penicillium Species (probably Penicillium expansxtm). — Found on 
nearly all samples examined ; produces fructifications bearing numer- 
ous round conidia as shown in figure 1; forms sclerotia, resistant 
vegetative forms, in old cultures; no fermentation in must, but grows 
vigorously in all culture media tested; giving a characteristic moldy 
odor. 

Penicillium Species of Olive Green Color, — Forms ellipsoidal coni- 
dia; very common on California grapes and also found in samples of 
pasteurized unfermented grape juice that had molded after pasteuri- 
zation. 

Aspergillus, — Two forms: (a) produces small, smooth, black coni- 
dia; (6) produces large black conidia with spikelike projections. The 
appearance of the one yielding the smooth conidia is shown in figure 1. 

Botrytis (probably B, cinerea), — ^Found on many samples of grapes 
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Yeasts from California grapes: 

65. Mycoderma yeast from Acampo grapes. 

68. Mycoderma yeast from Acampo grapes. 

70. Mycoderma yeast from Acampo grapes. 

71. Mycoderma yeast from Contra Costa Grapes. 
73, Mycoderma yeast from Acampo grapes. 

76. Mycoderma yeast from Acampo grapes. 
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after the early rains of 1912. It gives the characteristic Botrytis 
growth on the grapes but is very reluctant to grow on any of the 
ordinary culture media, Ihe best artificial medium found so far being 
grape must gelatin made up by dissolving gelatin in undiluted grape 
must. The appearance of this mold from grapes grown at the vine- 
yard of J. Swett and Son, Martinez, is shown in figure 1. 

Mucor. — Color, gray; spores, shortly ellipsoidal. Does not pro- 
duce fermentation in grape must. Its microscopical appearance is 
given in figure 1. 

Dematium Variety, — Grows vigorously in must giving a slimy mass 
of colorless cells and a surface growth of black cells arranged in long 
chains. Pound in large numbers on grapes examined in 1912. Does 
not cause fermentation in must. Microscopical appearance is given 
in figure 2. 

Monilia Species. — Colonies on agar resemble' yeast colonies with 
rootlike projections into the depths of the medium. Gives a feeble 
fermentation in grape must, followed by a mycelial growth on the 
surface of the liquid ; in old cultures, part of the mycelium becomes 
olive green (fig. 2). , 

Dark Gree^i MoM (unidentified). — Found growing profusely as a 
parasitic fungus on skins of grapes after the early rains in fall of 
1912 ; grows equally well on artificial media in the laboratory, so may 
be termed a faculatative parasite. It causes no visible fermentation 
in must and is odorless. Its microscopical appearance is given in 
figure 1. It may possibly be a Cladosporium form. 

Bacteria 

Vinegar Bacteria. — The only forms of bacteria so far found on 
grapes examined at the laboratory or winery have been vinegar 
bacteria. They were observed on two different lots of grapes, both of 
which had been shipped long distances and were in a badly broken 
and moldy condition. Both cultures grew rapidly in grape must 
giving a heavy tough film. One culture gave bacteria of medium 
length that tended to form in chains, while the other developed in 
the form of very short rods usually grouped in pairs (fig. 2). 

^‘TourneV Bacteria. — The form shown in figure 2 is found in wines 
quite often, but has not been met with on California grapes. It grows 
in the absence of air and gives a “mousey^' taste to badly affected 
wines (fig. 2). This organism is otherwise known as Bacterium 
mannito-poeum. It occurs in vinegar and fermented fruit juices. 
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78. Myeoilerina yeast from Contra Costa County grapes. 
64. S. ellipsoideus from Acainpo grapes. 

66. S. ellipsoideus from Davis grapes. 

67. S. ellii)soideus from Contra Costa County grapes. 

74. S. ellipsoideus from Acampo grapes. 

75. S. ellipsoideus from Contra Costa County grapes. 
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III. CHARACTERISTICS OF YEASTS FROM CALIFORNIA 

GRAPES 

Methods op Study 

The yeasts isolated from grapes in 1911 according to the methods 
given on preceding pages were studied in accordance with the follow- 
ing outline. From the tests made, it was possible to determine the 
specific character of the yeasts and to obtain a fair idea as to their 
suitability or unsuitability for wine making purposes. 

Morphology, — (1) Macroscopical Appearance. — In must, beer wort, 
nutrient dextrose, saccharose, and lactose solutions ; on agar must and 
on gelatin must. 

(2) Microscopical Appearance. — Size, form, and general appear- 
ance from five days’ growth in grape must. Microscopical appearance 
of agar colonies. 

(3) Spore Formation. — Observed by placing the sedim*mt from 
vigorous cultures on gypsum blocks partly immersed in water in wide 
mouthed bottles plugged with cotton wool. This arrangement gives 
the necessary conditions of aeration, poor food supply, and moisture. 
Tests were made of spore formation at 22° C and 28° C 

Fermentation Tests, — (1) Rates of Fermentation. — The rates of 
fermentation in grape musts of 23.01% and 29.75% Balling, in beer 
wort, nutrient® dextrose solution, nutrient saccharose solution and 
nutrient lactose solution were determined on 100 c.c. portions of the 
above liquids by noting the loss in weight during fermentation after 
inoculation with pure cultures of the organism under observation. 
The tests were carried out at 33° C. The loss in weight is due to the 
formation of carbon dioxide during fermentation. The escape of this 
gas causes the change in weight by which the fermentation may be 
followed. The main chemical reaction involved is the following : 

C H O =200 +2C H OH 

A check flask, which was not inoculated, was used as a means of 
obtaining the loss in weight due to evaporation. The figures given in 
the tables are corrected for this loss. Points representing the time in 
hours reckoned from the time of inoculation and also representing the 

9 The nutrient solutions used for the dextrose, saccharose, and lactose con- 
sisted of .01 grams magnesium sulfate, .5 grams of dipotassium phosphate, 
10 grams Witters pepton dissolved in 1000 c.c. of w%ter. To a portion of this 
solution was added 15% dextrose, to a second part 15% saccharose, and to the 
third, 15% lactose. 
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Figure 6 

Yeasts from California grapes showing spore formation: 

79. S. ellipsoideus from Contra Costa County, California. 

66. S. ellipsoideus from Davis grapes showing spores. 

75. S. ellipsoideus from Contra Costa County grapes, showing spores. 
79. S. ellipsoideus from Contra Costa County grapes, showing spores. 
36. 8. pastorianus from Davis grapes, showing spores. 

69. Willia from Acampo grapes, showing spores. 
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loss in weight have been plotted on diagrams and the individual points 
connected to give ‘‘fermentation curves/^ These curves show at a 
glance the character of the fermentations and serve as convenient 
means of comparison. 

(1) Products of Fermentation. — The products of fermentation in 
the solutions given above were determined after the rates of fermenta- 
tion were ascertained. Similar tests were made in grape must of 30° * 
Balling fermented by the various yeasts at 24° C. 

Yeasts Studied • 

The yeasts have been taken up in the following order : (1) S. apicu- 
latus yeasts, (2) My coderma forms, (3) Torula yeasts, (4) S. pastor- 
ianus and Willia yeasts, and (5) S. elKpsoideus yeasts. The char- 
acteristics of each have been discussed according to the outline given 
above. 


APICULATIJ8 YEASTS FROM CALIFORNIA GRAPES 

Two apiculatus yeasts were studied. One of these was isolat(^d 
from grapes grown at Davis and the other from grapes grown at 
Acampo. The morphology and biological characteristics were studied 
as previously outlined. 

Microscopical appearance is based on cells from five days^ growth 
in grape must of 15% Balling. The agar iised for plate cultures con- 
sisted of 2 grams of agar agar, 60 c.c. of must, and 1000 c.c. of water. 
The gelatin medium consisted of 15 grams of gelatin to each 100 c.c. 
of grape must. 


Organism 35, Apiculatus from Grapes Grown at Davis 

Morphology, — Microscopical Appearance. — Majority of cells lemon- 
shape. Cells broader and larger per cent apiculate-shape than in ease 
of yeast no. 72. 

Size. — Average, 4.5/Lt x 2.4/a. Maximum, 7.5jiix 4.5/a. Minimum, 
3/a X 1.5/a. 

Spore Formation. — No spores at 22° C or 28° C. 

Colonies on Agar Agar. — Plat, Elevation uniform. Smaller than 
S, ellipsoideus colonies. Sernitranslucent. Edges smooth and entire. 
Under microscope the edges of the colonies are entire. 

4 Degrees Balling indicates total dissolved solids in grants per 100 grams, 
as cane sugar. 
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Colonies on Gelatin. — Small. Gelatin is slowly liquefied, giving 
craterlike depressions. Edges entire. 

Growth in Liquid Media. — ^In grape must, beer wort, nutrient 
dextrose, and saccharose solutions, rapid but fermentation feeble. 
Growth in lactose slight and no fermentation. Sediment and growth 
in liquid, fine grained. Cells settle slowly. Liquid becomes fruity 
in flavor and odor. 


Organism 72. Apiculatus from Grapes Grown at Acampo 

Morphology. — Microscopical Appearance. — ^Majority of cells sau- 
sage-shaped or spherical. Only a few typical apiculate cells. De- 
cidedly different from no. 35. 

Size. — Average, 4.5/jt x 2.7/i.. Maximum, 6/a x 2.7/a. Minimum 
2.2/a X l.S/A. 

Spore Formation. — No spores at 28° C or 22° C. 

Colonies on Agar Agar. — Small. Edges undulate or indented. 
Centers slightly elevated. Opaque and porcelainous. Under low 
power, edges entire. Different from no. 35. 

Colonies on Gelatin. — Small. Edges branchlike. Waxy luster. 
Edges under microscope lacerate, i.e.y saw-tooth appearance. Gelatin 
slowly liquefied to form craterlike depressions around colonies ; whole 
plate liquefied in few days. 

Growtli in Liquid Media. — In grape must, beer wort, and nutrient 
dextrose, growth is rapid. Almost no growth in saccharose and lactose 
nutrient solutions. Deposit and growth in liquid fine grained. Settles 
very slowly. Fruity odor and flavor in fermented liquid. 


Rates of Fermentation, Various Media. 

The following solutions w^re used : 

(а) Grape must, 23.01° Balling. 

(б) Grape must, 29.75° Balling. 

(c) Sweet beer w^ort, 14° Balling. 

(d) ® Nutrient dextrose, 15% dextrose. 

(c) Nutrient saccharose, 15% saccharose. 

(/) Nutrient lactose, 15% saccharose. 

5 The nutrient solutionB (d), (<?), (jf), contained .01 grams MgS 04 .5 grams 
K 2 HPO 4 , 10 grams Witters pepton, per 1000 c.c. water, and 150 grams of the 
respective sugars pe>* 1000 c.c. 
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One hundred cubic centimeters of the above solutions were steril- 
ized in small plugged flasks. The solutions were inoculated in each 
instance with one platinum loopful of a vigorous culture. Non- 
inoculated checks were used to correct for loss due to evaporation. 
The inoculated flasks were placed in an incubator at 33® C. 

The flasks were weighed at intervals during fermentation. The 
loss in weight corrected for loss due to evaporation was taken as a 
measure of the rate of fermentation. 

TABLE 1 

Data on Bates op Fbementation op Yeasts Numbers 35 and 72 (S. apiculatus) 
IN Various Sugar Solutions 


Yeast 

number 

Time in 
hours 

Must of 

28 ® Balling, Concentrated 
loss in must, loss 

grams in grams 

Wort loss, 
in grams 

Dextrose 
loss, in 
grams 

Saccharose 
loss, in 
grams 

Lactose 
loss, in 
grams 

35 

46 

1.85 

.33 

.35 

.45 

.03 

.00 

35 

73 

2.84 

1.10 

.45 

.65 

.02 

.00 

35 

96 

3.26 

2.05 

.47 

.79 

.01 

.00 

35 • 

118 

3.42 

2.53 

.47 

.93 

.01 

.00 

35 

167 

3.54 

2.90 . 

.49 

1.13 

.00 

.00 

35 

215 

3.54 

2.95 

.57 

1.35 

.03 

.00 

35 

239 

3,57 

2.98 

.58 

1.40 

.00 

.00 

72 

27 

.18 

.01 

.35 

.10 

.00 

.00 

72 

52 

1.09 

.19 

.56 

.33 

.00 

.00 

72 

77 

1.92 

.42 

.59 

.83 

.00 

.00 

72 

125 

2.75 

1.15 

.69 

.98 

.00 

.00 

72 

167 

2.84 

1.32 

.96 


.00 

.00 

72 

244 

3.18 

2.05 

.97 

1.21 

.00 

.00 

72 

341 

3.50 

2.47 

1.10 

1.42 

.00 

.00 

72 

421 

3.55 

2.53 

1.13 

1.44 

.00 

.00 


Prom an examination of the data given in table 1 and of the 
fermentation curves in the accompanying diagram, it is evident that 
both yeasts have very low fermenting power and slow rates of fer- 
mentation. In grape must at 33® C, yeast no. 35 produces a more 
rapid fermentation than yeast no. 72, but in beer wort and dextrose 
solutions the two yeasts are similar. The concentrated must of 29.75® 
Balling has a greater retarding effect on yeast no. 72 than on yeast 
no. 35. Neither yeast fermented saccharose or lactose. Because of 
their difference of morphology and in the character of their fermenta- 
tions, it is justifiable to designate them as two different varieties of 
apiculatus yeast. 

Attenuation and Alcohol Formation , — The liquids listed in table 2 
were analyzed after fermentation. The term “attenuation’’ in the 
accompanying table refers to the loss in sugar during fermentation. 
The alcohol, theoretical and observed, is reported as volume per cent. 
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Fig'. 7. — F( 3 rmentation curves of S. apiculatus yeasts from California grapes. 


TABLE 2 

Yeasts Numbers 35 and 72 (S. apiculatus). Attenuation and Yields op 
Alcohol in Must, Beer Wort, Dextrose, Saccharose, and 
Lactose Solutions 







Per cent of 


Attenuation 

Theoretical 

Observed 

theoretical 



in gr&mh 

yield of 

yield of 

yield ob- 

Yeast 


per 100 

alcohol. 

alcohol, 

yield 

No. 

Medium 

c c. 

per cent 

per cent 

obtained 

72 

Must of 23® Balling 

3.81 

2.50 

1.00 

40.0 

72 

Must of 29?75 Balling 

1.20 

.79 

.30 

37.9 

72 

Beer wort of 14?56 Balling 

1.61 

1.11 

.30 

27.6 

72 

Dextrose solution, 14*9 Ball. 

2.73 

1.79 

.65 

36.3 

72 

Saccharose sol., 13?73 Ball. 

.78 

.53 

.00 

.00 

72 

Lactose solution, 15?16 Ball. 

.31 

.20 

.00 

.00 

35 

Must of 23® Balling 

8.50 

5.58 

3.05 

54.5 

35 

Must of 29? 75 Balling 

6.15 

4.03 

2.35 

58.3 

35 

Beer wort of 14?56 Balling 

1.35 

.93 



35 

Dextrose solution, 14? 9 Ball. 

3.25 

2.13 

.65 

30.5 

35 

Saccharose sol., 13?73 Ball. 

.00 

.00 

.00 


35 

Lactose solution, 15? 16 Ball. 

.00 

.00 

.00 
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The results show that in most cases, less than 50% of the alcohol, 
theoretically obtainable from the sugar fermented, was actually formed 
by the two yeasts. For example, yeast no. 35 destroyed 3.81% sugar 
and should have produced 2.5% alcohol in must of 23° Balling, while 
the actual yield was only 1% or 40% of the amount that was theo- 
retically possible. True wine yeasts of the 8, ellipsoidens type pro- 
duce at least 90% of the theoretical yield in grape must. 

Since the yields of alcohol are so low and the flavor of the fer- 
mented liquids is not desirable, the two yeasts may be considered 
of little use for industrial purposes. Their importance lies in their 
power to cause trouble in wine making by growing in natural fer- 
mentations before the true wine yeast has developed. In this way they 
may injure the flavor and clearing quality of the wine and favor 
‘ ' stuck tanks by the production of compounds that are injurious 
to the 8, elUpsoideus yeast. Because of their very common occurrence 
in large numbers on California grapes, measures should always be 
taken to discourage their growth. 

MYCODERMA FORMS FROM CALIFORNIA GRAPES 

Under Mycoderma forms, seven film forming organisms have been 
described in the following pages. Some of these organisms are yeast- 
like in appearance and in their fermentation properties; other re- 
semble molds more closely than they do yeasts. All have the common 
properties of forming heavy films on nutrient liquids and of not 
forming spores. 

Organism 65. Mycoderma from Acampo Grapes. 

Morphology. — Microscopical Appearance. — Sausage-shape to fila- 
mentous. Tends to grow in mycelial threads (fig. 4). 

Size. — Average, 9ftx2.5/i. Maximum, 40/4x2.5/4. Minimum, 

^ # 

2/4 X 1.5/4. 

Spore Formation. — No spores at 22° C and 28° C. 

Colonies on Agar Agar. — Small and growth slow. Powdery ap- 
pearance. Color, white. Flat. Growth at surface only. Edges made 
up of mycelial threads. Under low power, colonies are made up of 
chains of long cells. These spread over the surface of the agar. 

Colonies on Gelatin. — ^More vigorous than on agar. Concentric 
ring growth. Powdery white. Flat. Under microscope, same as op 
agar. Gelatin slowly liquefied. 
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Growth on Liquid Media. — Grows profusely on surface of grape 
must, beer wort, dextrose, saccharose and lactose solutions, but does 
net produce visible fermentation in any of these liquids. Film remains 
permanently on the surface. Does not sink. Film is very tough in 
texture. 

Organism 68, Mycoderma from Orapes Oroxvn at Acampo, California 

Morphology , — Microscopical Appearance. — Predominating form 
sausage-shaped. Cells vary from spherical to long-rod shaped cells 
(fig‘ 4). 

Size. — ^Average, 7.5/a x 3.75/a. Maximum, 15/a x 3.75/a. Minimum, 
3/a X 3/a. 

Spore Formation. — No spores formed at 22^ C or 28® C. 

Colonies on Agar Agar. — ^Large. Edges entire. Waxy luster. 
Centers of colonies slightly elevated. Edges entire. Opaque. Under 
low power of microscope, internal structure granular and edges are 
surrounded by long chains of cells of ellipsoidal shape. 

Colonies on Gelatin. Filmy, translucent colonies, that rapidly 
cover the whole surface. Under microscope the colonies are made up 
of chains of cells. 

Growth in Liquid Media. — Heavy growth in grape must, beer wort, 
and dextrose with formation of large sediment, the volume of which 
may be equal to 10 per cent of the total volume of the liquid. Growth 
slow in lactose and saccharose solutions. Visible fermentation very 
slow in grape must, beer wort and dextrose solution at first, but finally 
becomes vigorous in must and dextrose solutions. No visible fermenta- 
tion in lactose and saccharose. 

Organism 70, Mycoderma from Acampo Grapes 

Morphology , — Microscopical Appearance. — Usual form, sausage- 
shape, but vary from spherical to sausage-shaped. Cells are usually 
grouped in branching chains (fig. 4). 

Size, — ^Average, 7/a x 2/a. Maximum, 18/a x 2/a, Minimum, 1.5/a x 1.5/a. 

Spore Formation. — No spores formed at 22° C and 28® C. 

Colonies on Agar Agar. Large. Center elevated. Surface cor- 
rugated by ridges radiating from centers of colonies. Centers of 
colonies brown ; edges yellowish white. Edges indented. Low power 
of microscope shows chains of cells growing from edges of colonies; 
this growiih is beneath the surface of the agar (see plate 2). 
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Colonies on Gelatin. — Large. Centers convex. Colonies flatten 
' near edges and become filmy in appearance. Edges entire under 
microscope. Gelatin slowly liquefied. 

Growth in Liquid Media. — Heavy, wrinkled surface growth which 
frequently falls to bottom forming voluminous sediment. P'ermenta- 
tion slow. No fermentation in lactose. 

Organism 71. My coderma from Contra Costa County Grapes 

Morphology. — Microscopical Appearance. — Predominating form 
sausage-shaped. Varies from spherical to sausage-shape (fig. 4). 

Size. — ^Average, 6.9)u. x 2fx. Maximum, 18/a x 2/a. Minimum, 
1.5/a X 1.5/a. 

Spore Formation. — No spores at 22® C or 28° C. 

Colonies on Agar Agar. — ^Large. Flat. Spreading. Edges lobate. 
Edges entire under microscope (see plate 2). 

Colonies on Gelatin. — Flat. Filmy. Translucent. Rapidly cover 
entire surface of the gelatin. Slow liquefaction (see plate 2). 

Growth in Liquid Media. — A wrinkled, loosely coherent film on all 
liquids tested. Films frequently sink and are quickly replaced by new 
growth. Fermentation in must, beer wort, and dextrose fairly vigor- 
ous, but extends over long period. No perceptible fermentation in sac- 
charose and lactose. 

Organism 73. Mycoderma from Grapes Grown at Acampo 

Morphology. — Microscopical Appearance. — Usual form sausage- 
shaped. Varies from spherical to sausage-shaped (fig. 4). 

Size. — ^Average, 6.7/a x 2.5/a. Maximum, 18/a x 3/a. Minimum, 
3/a X 1.5/a. 

Spore Formation. — No si)ore formation at 22® C and 28° C. 

Colonies on Agar Agar. — Centers elevated. Edges flat and ser- 
rated. Shape irregular. Under the microscope chains of cells are 
seen to radiate from the edges of the colonies. The chains are made 
up of long cells with pairs of short ellipsoidal cells at the junctures 
of the long cells. 

Colonies on Gelatin. — Flat. Smooth. Filmy. Translucent. Gela- 
tin rapidly covered by a filamentous growth. Gelatin is slowly 
softened to a syrupy consistency. 

Growth in Liquid Media.-^Growth vigorous in ajl liquid media 
tested. Vigorous fermentation in grape must and dextrose solution. 
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During fermentation a heavy wrinkled film is formed with a moderate 
amount of sediment growth. After fermentation most of the film 
growth settles to the bottom. Fermentation is more vigorous and film 
formation is not so well developed as in no. 70. 

Organism 76, Mgeoderma from Grapes Grown at Acampo 

Morphology, — Microscopical Appearance. — Sausage-shaped to fila- 
mentous (fig. 4). 

Size. — Average, 10.5/a x 2.1/a. Maximum, 75/i x 2.5/a. Minimum, 
3/a X 2/a. 

Spore Formation. — ^No spores formed at 22® C or 28° C. 

Colonies on Agar Agar. — ^Large. Flat. Surface smooth. Centers 
slightly elevated. Edges smooth and entire under microscope. 

Colonies on Gelatin. — Large. Resinous. Translucent. Surface of 
colonies deeply corrugated. Mycelial projections from edges visible 
to naked eye. Surface glistening and slimy. Under microscope edges 
are fringed by branching chains of very long cells. 

Growth in Liquid Media. — Growth in all media tested consists first 
of powdery white colonies. These coalesce to form a resinous heavy 
film resembling a growth* of vinegar bacteria. The growth sinks after 
several weeks and is rej)laced by a second film. No visible fermenta- 
tion in any liquids tested. 

Organism 78, Mycoderma from Contra Costa County Grapes 

Morphology, — Microscopical Appearance. — Sausage-shaped cells 
predominate. Very long filamentous cells not uncommon (fig. 4). 

Sige. — Average, 10.5/a x 3/a. Maximum, 37.5/a x 3/a. Minimum, 
4.5/a X 2/1.. 

. Spore Formation. — No spores at 22® C and 28° C. 

Colonies on Agar Agar. — Large and flat. Centers slightly elevated. 
Waxy luster. Edges show hazy growth of mycelium. Under micro- 
scope colonies are seen to be surrounded by radiating mycelial threads. 

Colonies on Gelatin — Large. Flat. Smooth. Translucent. Rapidly 
cover the entire surface of the gelatin. Gelatin rapidly softened to a 
syrupy consistency (see plate 2). 

Growth in Licpiid Media. — In grape must, beer wort, and dextrose, 
solutions, growth is rapid and fermentation vigorous; in saccharose 
growth vigorous and fermentation slow ; little growth in lactose. Con- 
sists chiefly of surface growth. Small sediment. 
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Fermentation Tests of Mycoderma Forms from California Grapes. 

The data obtained by noting the loss in weight at 33° C of flasks 
containing 100 c.c. of grape must 23.01° Balling, grape must 29.8° 
Balling, beer wort 14° Balling, dextrose 15° Balling, saccharose 15° 
Balling, and lactose 15° Balling solutions, respectively, after inocula- 
tion with pure cultures of the above yeasts appear in table 3. The 
attenuation, representing the sugar destroyed, together with the yields 
of alcohol in the various sugar solutions tested are given in table 3. 
After each table the results of the tests are discussed. The nutrient 
solutions used were the same as those described for yeasts 35 and 72. 
See description of apiculatus yeasts. 

TABLE 3 

Fermentation Tests of Mycoderma Forms prom California Grapes 


Yeast 

number 

Time in 
hours 

Must of 
23* Balling, 
loss in 
grams 

Must of 
29* Balling, 
loss, in 
grams 

Wort loss, 
in grams 
14 per cent 
solution 

Dextrose 
loss, in . 
grams 

1.5 per cent 
solution 

Saccharose 
loss, in 
grams 

15 per cent 
solution 

Lactose 
loss, in 
grams 

15 per cent 
solution 

68 

18 

.00 

.00 

.04 

.07 

.00 

.00 

68 

42 

.70 

.01 

.21 

.31 

.30 

.00 

68 

66 

1.51 

.24 

.38 

.93 

.10 

.00 

68 

92 

2.45 

.62 

.37 

2.10 . 

.10 

.00 

68 

123 

3.35 

1.32 

.38 

2.90 

.10 

.00 

68 

165 

5,80 

2.00 

.40 

• 5.89 

.10 

.03 

68 

236 

8.45 

3.30 

.42 

6.40 

.10 

.03 

68 

284 

8.48 

3.80 

.50 

6.40 

.10 

.03 

68 

314 

8.48 

3.80 

.51 


.10 

.03 

65 

18 

.00 

.00 

.00 

.00 

.00 

.00 

65 

42 

.03 

.00 

.00 

.00 

.01 

.00 

65 

66 

.03 

.00 

.03 

.00 

.01 

.00 

65 

92 

.03 

.00 

.08 

.04 

.01 

.00 

65 

123 

.03 

.04 

.08 

.09 

.07 

.03 

65 

165 

.03 

.04 

.12 

.09 

.07 

.03 

65 

236 

.03 

.04 

.17 

.09 

.07 

.03 

70 

18 

.02 

.03 

.00 

.10 

.00 

.00 

70 

42 

.10 

.05 

.06 

.18 

.20 

.00 

70 

66 

.38 

.08 

.33 

.41 

.20 

.06 

70 

92 

.80 


.38 

.42 

.25 

.05 

70 

123 

1.90 

.08 

.80 

1.30 

.60 

.20 

70 

165 

2.47 

.83 

1.00 

1.65 

.90 

.20 

70 

236 

2.57 

.95 

1.00 

1.65 

.90 

.30 

71 

46 

.85 

.35 

.25 


.00 

.00 

71 

73 

1.85 

1.17 

.34 

.46 

.00 


71 

96 

2.70 

2.19 

.41 


.00 


71 

118 

3.74 

3.19 

.42 

2.31 

.01 


71 

167 

5.47 

* 3.89 

.42 

4.20 

• .00 

.00 ’ 

71 

215 

6.40 

5.90 

.44 


.04 


71 

239 

6.85 

6.40 

.45 


.04 
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TABLE 3 — (Continued) 


P' 

Yeast 

number 

r 

Time in 
hours 

Must of 
23* Balling, 
loss in 
grams 

Must of 
29® Balling, 
loss, in 
grams 

Wort loss, 
in grams 
14 per cent 
solution 

Dextrose 
loss, in 
grams 

15 per cent 
solution 

Saccharose 
loss, in 
grams 

15 per cent 
solution 

Lactose 
loss, in 
grams 

15 per cent 
solution 

73 

27 

.20 

.06 

.18 

.66 

.10 

.00 

73 

52 

1.09 

.61 

.34 

1.79 

.28 

.00 

73 

77 

2.26 

1.56 

.49 

3.21 

.58 

.00 

73 

125 

4.14 

3.34 

.59 

4.11 

.93 

.00 

73 

167 

5.69 

4.59 

.61 

5.72 

1.19 

.00 

73 

244 

9.25 

6.62 

.72 

7.07 

1.41 

.00 

73 

341 

9.32 

8.24 

.87 

7.35 

1.52 

.00 

73 

423 

9.52 

9.65 

.92 



.00 

76 

27 

.00 

.04 

.00 

.00 

.00 

.00 

76 

52 

.04 

.08 

.04 

.07 

.00 


76 

77 





.00 


76 

125 





.00 


76 

367 

.31 

.13 

.24 

.20 

.00 


76 

244 

.42 

.39 

.46 

.41 

.00 


76 

341 

.62 

.69 

.62 

.50 

.00 


76 

421 

.64 

.69 

.70 

.54 

.00 


78 

27 

.23 

.16 

.23 

.38 

.23 

.00 

78 

52 

1.12 

.44 

.54 

.80 

.54 

.00 

78 

77 

2.37 

1.64 

1.75 

2.05 

1.37 

.00 

78 

125 

4.34 

3.29 

3.24 

3.38 

1.74 

.00 

78 

167 

6.05 * 

4.60 

4.52 


1.95 

.00 

78 

244 

7.55 

6.20 

5.25 

6.16 

2.26 

.00 

78 

341 

9.50 

7.50 


6.98 

2.50 

.00 

78 

421 

9.85 

8.05 


7.29 

2.70 

.00 


The seven different varieties of mycoderma yeasts, whose rates of 
fermentation in normal must, concentrated must, beer wort, dextrose, 
saccharose and lactose solutions were studied gave great variation in 
the rate of fermentation and the amounts of sugar fermented. Organ- 
ism 65 did not cause fermentation in any of the liquids tested, though 
it gave a vigorous growth. On the other hand, yeasts 68, 73, and 78, 
developed fairly strong fermentations in must and beer wort, destroy- 
ing nearly as much sugar as the true wine yeasts. Organism 76, 
caused a very feeble fermentation in grape must but did not ferment 
any of the other liquids tested. The mycoderma forms did not ferment 
so rapidly in dextrose solution as in grape must. Contrasted with the 
mycoderma forms the true wine yeasts did not exhibit this difference. 
Lactose was not fermented by any of the mycoderma forms. Sac- 
charose was attacked to a slight degree by forms 70, 73, and 78, the 
amount of sugar actually fermented in each case being small. In 
general, the fermentation curves of the forms shown in the diagrams 
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differ from those of the true wine yeasts shown in figures 12 to 15, by 
their low and gentle slope throughout. In most cases they show a 
slower start of fermentation than do the 8. elUpsoideus yeasts. Be- 



Fig. 8. — Fermentation curves of Mycoderma forms in must of 23*’ and 29?8 
Balling and beer wort. 


cause of their slow and incomplete fermentations the mycoderma forms 
discussed above are not desirable types to have in wine fermentations. 

Attenuation and Alcohol Formation , — Analyses were made of the 
liquids fermented by the mycoderma forms (table 4). . 
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TABLE 4 

Yeasts Numbers 65, 68, 70, 71, 73, 76, and 78. Attenuation and Yields of 
Alcohol in Must, Beer Wort, Dextrose, Saccharose, and 


Yeast 

No. 

64 

65 
65 
65 
65 
65 

Lactose Solutions 

Attenuation 

in grams Theoretical 

per 100 yield of 

Medium c c alcohol 

Must of 23? Balling 

Must of 29 ?8 Balling 

Beer wort of 14° Balling 

Dextrose solution, 15% 

Saccharose solution, 15% 

Lactose solution, 15% 

Observed 
yield of 
alcohol 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

Per cent of 
theoretical 
yield 
obtained 

68 

Must of 23° Balling 

... 19.88 

13.08 

7.45 

56.9 

68 

Must of 32° Balling 

... 7.84 

5.15 

4.50 

89.3 

68 

Beer wort of 14° Balling 

... .86 

.62 

.60 

96.8 

68 

Dextrose solution, 15% .... 

... 12.68 

8.30 

6.40 

77.1 

68 

Saccharose solution, 15% 

... .03 

.02 

0.00 

00.0 

68 

Lactose solution, 15% 

... .27 

.19 

0.00 

00.0 

70 

Must of 23° Balling 

... 6.66 

4.38 

2.55 

58.2 

70 

Must of 29? 8 Balling 

... 2.05 

1.35 

1.00 

74.5 

70 

Beer wort of 14° Balling .. 

... 1.43 

.96 

.80 

83.3 

70 

Dextrose solution, 15% .... 

... 4.51 

2.96 

1.70 

57.4 

70 

Saccharose solution, 15% 






70 

Lactose solution, 15% 

... 0.00 

0.00 

0.00 

00.0 

71 

Must of 23° Balling 

... 17.61 

11.58 

8.80 

75.9 

71 

Must of 29?8 Balling 



7.90 


71 

Beer wort of 14° Balling .. 

... 2.91 

2.03 

0.00 

00.0 

71 

Dextrose solution, 15% .... 

... 12.20 

8.02 

4.10 

51.1 

71 

Saccharose solution, 15% 

... .08 

.05 

0.00 

00.0 

71 

Lactose solution, 15% 

... .16 

.11 

0.00 

00.0 

73 

Must of 23° Balling 

... 12.01 

7.90 

7.50 

94.9 

73 

Must of 29? 8 Balling 

... 14.75 

9.70 

6.80 

70.1 

73 

Beer wort of 14° Balling .. 

... 1.61 

1.16 

.52 

44.8 

73 

Dextrose solution, 15% .... 

... 12.60 

8.29 

5.60 

67.5 

73 

Saccharose solution, 15% 

... 2.08 

1.50 

1.50 

100 

73 

Lactose solution, 15% 

... .35 

.25 

0.00 

00.0 


76 Must of 23® Balling 0.00 

76 Must of 29? 8 Balling 0.00 

76 Beer wort of 14° Balling 0.00 

76 Dextrose solution, 15% 0.00 

76 Saccharose solution, 15% 0.00 

76 Lactose solution, 15% 0.00 


78 Must of 23° Balling 18.87 12.41 10.30 83.1 

78 Must of 29?8 Balling 14.13 9.29 9.00 97.9 

78 Beer wort of 14° Balling 12.15 7.90 7.20 91.1 

78 Dextrose solution, 15% 13.22 8.69 6.20 71.3 

78 Saccharose solution, 15% .... 3.93 2.86 1.40 48.9 

78 Lactose solution. 15% 36 .26 0.00 00.0 
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An examination of the data given in table 4 shows that in grape 
must, which was the most favorable medium for the activity of the 
yeasts under observation, amounts of alcohol varying from .00% to 
10.3% were formed. Some of the organisms, namely, 73 and 78, gave 
good yields of alcohol for the sugar fermented in grape must, while 
others e.g., 68, 70, 71, gave low yields. Yeasts 65 and 76 gave no alcohol 
in any of the liquids in which they were grown, although they destroyed 
small amounts of sugar in some of the solutions. None of the organisms 
of this group fermented beer wort to any notable degree and the fer- 
mentations that did take place in this liquid probably represented the 
destruction of dextrose present, only, while it is probable that the mal- 
tose was not attacked. Saccharose likewise proved very resistant to fer- 
mentation by the above forms. Organisms 68, 71, 73, and 78 formed 
considerable amounts of alcohol in dextrose solution, indicating that 
this sugar is more easily attacked than cane sugar or maltose. These 
facts indicate that the yeasts under discussion are deficient in invertase 
and maltase, enzymes that are necessary to the fermentation of saccha- 
rose and maltose. 

Since the mycoderma forms discussed above do not ferment beer 
wort or cane sugar, they would be useless in the manufacture of beer 
or of alcohol from materials containing cane sugar. The amounts of 
alcohol formed in grape must by several of the organisms might be 
suffieient for some purposes, but their use for the production of wine 
is excluded by the fact that all of them produce disagreeable tastes and 
odors in grape must, resulting in the formation of an undrinkable 
fermented liquid in all cases. Therefore, it is to the winemaker’s 
interest to prevent the growth of these organisms. 

TORULA FORMS FROM CALIFORNIA GRAPES 

Two yeasts of the torula type were found on grapes examined 
in 1911, one from Davis grapes and the other from grapes grown in 
Contra Costa County, California. 

Organism 37, Tonila Yeast from Orapes Orown at Davis 

Morphology , — Microscopical Appearance. — Varies from spherical 
to shortly ellipsoidal in form ; latter form predominating. Cells tend 
to form chains of cells of various sizes (see fig. 3). 

Size. — Average, 4.6/i, x 3.7/i. Maximum, IS/i x 6fi. Minimum, 3/a x 3/\. 

Spore Formation. — No spores formed at 22° C or 28"^ C. 
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Colonies on Agar Agar. — ^Almost flat, but centers, slightly elevated. 
White. Waxy luster. Edges entire. Colonies in the agar, spherical. 
Under microscope, edges of colonies entire. 

Colonies on Gelatin. — Small. White. Waxy luster. Gelatin quickly 
liquefied. 

Growth in Liquid Media. — Growth in grape must, dextrose, and beer 
wort, rapid, with formation of considerable sediment, and develop- 
ment of a feeble bottom fermentation. No film formation. No fer- 
mentation in lactose solutions, but good growth. Feeble fermenta- 
tion and good growth in saccharose. Rancid taste and odor developed 
in fermented liquids. 
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Fig. 9. — Feriiieiitation curves of Mycoderma forms in dextrose and saccha- 
rose solutions. 


Organism 77. Torula from Contra Costa County Grapes 

Morphology . — Microscopical Appearance.— Vary from ellipsoidal 
to sausage-shaped with ellipsoidal form i)redominating (see fig, 3). 
Tends to form short chains. 

Size. — Average, 4/i x 2,1 g. Maximum, 8^ x 4.5/1. Minimum, 

2.2/a X 1.5/a. 

Colonies on Agar Agar. — Small. White. Convex. Waxy luster. 
Spherical colonies in the agar. Under the microscope colonies are 
found to be surrounded by straight chains of long cells. Most other 
yeasts examined that formed side chains in this manner produced 
branching cells. 

Colonies on Gelatin. — Contoured surface with highest elevation at 
centers of colonies. Centers of colonies colorless. Chalklike at edges. 
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Undermicroscope, colonies are fringed with branching chains of long 
cells. 

Growth in Liquid Media. — Growth in all liquids slow. Feeble fer- 
mentation in grape must, beer wort, and dextose. No surface growth. 
No fermentation in lactose and saccharose. 

Rates of Fermentation of Torulas 37 and 77 in Varions Media, 

Rates of fermentation in grape must of 23° Balling, and 29.8° Balling, 
beer wort of 14° Balling, and 15% solutions of dextrose, saccharose, 
and lactose were tested as previously described for apiculatus and 
mycoderma forms. The results are given in table 5 and figure 10. 

TABLE 5 

Fermentation Tests at 33® C of Tobula Forms from California Yfasts 

Mnst of Dextrose Haccharose Tjnctose 


Yeast 

number 

Time in 
hours 

Must of 

23® Balling, 
loss in 
grama 

of 29?8 
Balling, 
loss, in 
grams 

W^ort loBR, 
in grams 

14 per cent 
solution 

loss m 
grams 

15 per cent 
solution 

loss, in 
grama 

35 per cent 
solution 

loaa, in 
grama 
] 5 per cent 
solution 

37 

38 

.01 

.00 

.04 

.12 

.07 

.02 

37 

42 

.19 

.07 

.31 

.54 

.29 

.07 

37 

66 

.51 


.45 

.98 

.38 



37 

92 

.63 


.50 

1.40 » 

.43 

.08 

37 

165 

.87 


.53 

2.74 

.54 

.08 

37 

236 

.87 

.13 

.51 

3.64 

.54 

.09 

77 

46 

.17 

.01 

.23 

.23 

.01 

.03 

77 

73 

.84 

.15 

.48 

.48 



77 

96 

1.14 

.42 

.58 

.58 

.10 


77 

118 

3.30 

.81 

.68 

.68 



77 

167 

1.37 

.86 

.78 

.78 

.10 


77 

215 

1.44 

1.03 

.83 

.83 



77 

239 

1.48 

1.08 

.95 

.95 


.03 


Torulas 37 and 77 were able to produce only very feeble fermenta- 
tions in the liquids tested. Torula yeast 77 was not able to ferment 
must of 30° Balling, or saccharose solution. In must of 23° Balling, 
and in beer wort the fermentations of the two yeasts were about equal. 
In must, beer wort, and saccharose the fermentations were completed 
in a short time, about 120 hours. In comparison with the fermenta- 
tion curves of the 8, elUpsoideus yeasts (figs. 12 to 15), the yeasts 
above gave very weak and incomplete fermentations. The flavors 
of the fermented liquids were disagreeable. Therefore, the yeasts 
seem to have no practical value but may cause defective flavors in 
wine where their growth is not prevented. 

Attenuation and Yields of Alcohol . — The fermented liquids Were 
analyzed for alcohol with the results reported in table 6. 
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. 10. — ^Fermentation curves of yeasts 37 and 77 in grape must, beer wort, 
}e and saccharose solutions. 
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TABLE 6 

Yeasts 37 and 77, Attenuation and Yields of Alcohol in Must, Beee Woet, 
Dextrose, Saccharose, and Lactose Solutions 


Teast 

No. 

Medium 

Attenuation 
in grams 
per 100 
c.c. 

Theoretical 
yield of 
alcohol 

a 

Observed 
yield of 
alcohol 

Per cent of 
theoretical 
yield 
obtained 

37 

Must of 23* Balling 

.... 5.21 

3.42 

.60 

17.6 

37 

Must of 29?8 Balling 

05 

.03 

.00 

.0 

37 

Beer wort of 14* Balling 




.20 



37 

Dextrose solution, X5% .... 

7.96 

5.22 

3.50 

67.3 

37 

Saccharose solution, 15% .. 

64 

.43 

.40 

93.02 

37 

Lactose solution, 15% 

06* 

.04 

.00 

.0 

77 

Must of 23* Balling 

.... 4.58 

2.99 

1.31 

43.7 

77 

Must of 29?8 Balling 

3.85 

2.53 

.65 

25.7 

77 

Beer wort of 14* Balling 

.... 2.91 

2.00 

.30 

15.0 

77 

Dextrose solution, 15% .... 

.... 4.55 , 

2.99 

.65 

21.7 

77 

Saccharose solution, 15% 



.00 

.0 

77 

Lactose solution, 15% 

06 

.04 • 

.00 

.0 


Analyses of the fermented liquids from fermentation of Torulas 
37 and 77 in grape must, etc., showed that the absolute amounts of 
alcohol formed were small and that the yields for each per cent of 
sugar destroyed were in all cases, except for yeast 37 in dextrose, very 
low. In the majority of the fermentations, the yields were less than 
50 per cent of the theoretical. These yeasts have the defects of giving 
slow incomplete fermentations, low yields of alcohol for sugar fer- 
mented and of producing liquids of disagreeable odor and flavor. 

PASTORIANUS AND WILLIA. YEAST FROM CALIFORNIA GRAPES 

One 8, pastorimus and one WilUa yeast were obtained from grapes 
in 1911. Both are true yeasts and form spores. 

Organism 36. 8. pastorianus Yeast from Grapes Grown at Davis 

Morphology. — Microscopical Appearance. — Form varies from 
spherical to sausage-shaped. The ellipsoidal form predominating. 
Much smaller than true ellipsoideus yeast (fig. 3). 

Size. — Average, 4.5^ x 3/i. Maximum, 7,5fi x 3/x. Minimum, 
1.5/4 X 1.5/4. 

Spore. — Produced in great abundance in 24 hours on gypsum spore 
blocks. Spores also form in grape must cultures. Spores spherical in 
fonn. Number per cell, 2 to 4. Size of spores, 2/t x 2/4 (fig. 7). 

Colonies on Agar Agar. — Bound. Slightly convex. White. Waxy 
luster. Colonies in agar spherical. Under the low power, the colonies 
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are surrounded by chains of cells made up of long central cells with 
pairs of short ellipsoidal cells at the junctures of the larger cells. 

Colonies oij Gelatin. — Flat. Concentric rings of growth. Outer 
edges of colonies sharply indented. Gelatin slowly softened but not 
completely liquefied. 

Growth in Liquid Media. — Heavy wrinkled surface growth which 
sinks to bottom frequently. No visible fermentation. Taste of liquids 
bitter and disagreeable. 

Organism 69, Willia Species (Saccharomyces anomalus) from Grapes 
Grown at Acampo, California 

Morphology . — Microscopical Appearance. — Size and shape very 
irregular. The larger cells usu&lly sausage-shaped or ellipsoidal and 
the smaller ones spherical. Larger than typical S, anomalus in the 
University collection (fig. 3). 

Size. — Average, G/i x Sp. Maximum, 14/i x 2.5/a. Minimum, 3/a x 3/a. 

Spore Formation. — Spores are formed abundantly on gysum blocks 
at 28"^ C and 22° C, in three days. Spores are of typical Willia form, 
i.e., hat-shaped (fig. 7). Number of spores per cell varies from 2 to 8. 
Size of spores, 4/a x 1.5/a. 

Colonies on Agar Agar. — Medium size. Flat. White. Waxy 
luster. Edges entire. Colonies on the agar are spherical. Under the 
microscope the edges of the colonies are entire. 

Colonies on Gelatin. — Large. Flat. White. Chalklike. Colonies 
spread rapidly and soon cover entire surface and the gelatin is rapidly 
liquefied. 

Growth in Liquid Media. — A chalky white film develops on all 
liquids tested, with flocculent growth at bottom of flask. Prolonged 
top fermentation takes place in all liquids except lactose. Strong 
odor of ethyl acetate is developed. The fermented liquids possess a 
burning taste. 

JRafes of Fermentation of Yeasts 36 and 69 . — These yeasts were 
tested for their rates of fermentation in various media as previously 
described for other organisms. The results are given in table 7 and 
figure 11. 

From the data given in table 7, yeast 36 is seen to give scarcely any 
fermentation in any of the liquids tested, the maximum loss in weight 
per 100 c.c. being .68 grams in must of 29.8° Balling. On the other 
hand, yeast 69 gave fairly strong fermentations in must, beer wort, 
dextrose, and saccharose solutions. Neither yeast fermented lactose, 
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TABLE 7 

Data op Bates or Fermentation op Yeasts Numbers 36 and 69 in Various 

Sugar Solutions 


Yeaat 

number 

Time In 
hours 

Must of 
23® Balling, 
loss in 
grams 

Concentrated Wort loss, 
must, loss in grams 
in grams 14 per cent 
29? 8 Ball. Balling. 

Dextrose 
loss, in 
grams 

15 per cent 
solution 

Sac^arose 
loss, in 
grams 

15 per cent 
smution 

Lactose 
loss, in 
grams 

15 per cent 
smution 

36 

46 

.03 

.03 

.03 

.03 

.00 

.00 

36 

73 

.04 

.04 

.03 

.06 

.00 

.00 

36 

96 

.09 

.11 

.03 

.08 

.00 

.01 

36 

118 

.24 

.16 

.13 

.13 

.00 

.01 

36 

167 

.33 

.43 

.13 

.19 

.00 

.02 

36 

215 

.45 

.63 

.13 

.26 

.00 

.02 

36 

239 

.46 

.68 



.28 

.00 

.02 

69 

18 

.01 

.10 

.13 

.01 

.10 

.03 

69 

42 

.58 

.18 

.46 

.13 

.28 

.14 

69 

66 

1.10 

.23 

.Sr> 

.77 

.86 

.14 

69 

92 

1.79 

.80 

1.71 

1.77 

1.90 


69 

123 

2.49 

2.20 

1.75 

2.87 

2.88 


69 

165 

3.22 

2.50 

1.81 

3.99 

3.78 


69 

236 

4.02 

4.88 

1.92 

5.31 

4.62 

.14 

69 

283 

4.49 

5.55 

1.93 

5.77 

4.98 


69 

314 

4.62 

5.75 


5.79 

5.03 



0 

while yeast 36 did not attack saccharose. Although yeast 69 gives 
more vigorous fermentations than does yeast 36, still it does not ap- 
proach the S, elUpsoideus yeasts from California grapes in rate of 
fermentation or fermentative power. 

Attmiiation and Alcohol Yields of Yeasts 36 and 69 , — The fer- 
mented liquids were analyzed with the results given in the accom- 
panying table. 

TABLE 8 


Yeasts Numbers 36 and 69. Attenuation and Yields op Alcohol in Must, 
Beer Wort, Dextrose, Saccharose, and Lactose Solutions 


Yeast 

No. 

Medium 

Attenuation 
in grams 
per 100 
c c 

Theoretical 
yield of 
alcohol 

Obsf rved 
yield of 
alcohol 

Per cent of 
theoretical 
yield 
obtained 

36 

Must of 23® Balling 

.... 2.49 

1.95 

.30 

15.3 

36 

Must of 29? 8 Balling 

... 1.65 

1.08 

.00 

.0 

36 

Beer wort of 14® Balling . 

... .31 

.20 

.00 

.0 

36 

Dextrose solution, 15% 

... 1.95 

1.28 

.24 

18.9 

36 

Saccharose solution, 15% ... 

... .02 

.67 

.00 


36 

Ijactose solution, 15% 

... .11 

.07 

.00 


69 

Must of 23® Balling 

... 11.12 

7.30 

1.25 

17.1 

69 

Must of 29? 8 Balling 

... 2.92 

1.90 

1.00 

52.6 

69 

Beer wort of 14® Balling . 

... 1.40 

.92 

.50 

54.3 

69 

Dextrose solution, 15% 

... 11.03 

7.25 

3.10 

42^5 

69 

Saccharose solution, 15% ... 

... 7.73 

5.09 

2.60 

51.2 

69 

Lactose solution, 15% 

... 1.25 

.80 

.00 

.0 
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Fig. 11. — Fermentation curves for yeasts 36 and 69 in grape must, beer 
wort, dextrose, and saccharose solution at 33 ®C. 
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Yeast 69 destroyed larger amounts of sugar than did yeast 36 and 
formed greater amounts of alcohol, but both yeasts gave very low 
yields of alcohol compared to the amount of sugar fermented. In 
most cases the yield was below 50% of the theoretical, based on the 
sugar destroyed. Yeast 69 formed 3.1% alcohol in dextrose solution, 
this being the largest amount of alcohol produced by either yeast. 

Because of its disagreeable flavor and low alcohol formation, yeast 
36 is worthless for fermentation purposes. Yeast 69 produces a very 
aromatic odor and flavor in liquids in which it grows. These fer- 
mented materials are not pleasing to drink by themselves but when 
added in small amounts to new wine they have the property of 
‘ ‘ aging the new wine so treated. Therefore it may be possible to use 
this yeast as an aid to aging wine either by adding some of the liquid 
fermented by it to new wine or by growing it directly in new wine, 
and in this latter case, allowing the desired flavors to be developed in 
the wine itself. Yeasts of this same group are used to some extent 
in the aging of ^‘sake’^ (Japanese beer). 

TRUE WINE YEASTS, SACCHAROMYCES ELUPSOIDEUS FROM 
CALIFORNIA GRAPES 

Six kinds of true wine yeast, 8. ellipsoideus, were isolated from 
grapes in 1911 and have been discussed as a group in the following 
pages. 


Organism 64. Saccharomyces elUpsoidetis from Grapes 
Grown at Acampo 

Morphology. — Microscopical Appearance. — Form 4varies from 
shortly ellipsoidal to spherical. Cells shorter than those of no. 74 
(fig. 5). 

Size. — ^Average, 7.5/x X 6ft. Maximum, 12fi x 3fi. Minimum, 3ft x 3/x. 

Spore Formation. — Abundant spore formation at 22° C and 28® C. 
Usually 3 spores per cell. Shape spherical. Size, 3ft x 3ft. 

Colonies on Agar Agar. — Medium size. Bound. Moderately con- 
vex. White. Waxy luster. Edges entire. Under microscope edges 
are entire. 

Colonies on Gelatin. — Large. Centers elevated. Radiating ridges 
from center. Centers slightly elevated. Edges of colonies are un- 
dulate in appearance. Gelatin slowly softened but not liquefied. 
Edges of colonies entire under microscope. 
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Growth in Liquid Media. — Rapid in grape must, beer wort, dex- 
trose, and saccharose solutions with vigorous fermentation and forma- 
tion of fine grained sediment. No fermentation in lactose, but fair 
growth. Characteristic vinous odor and fiavor developed. 

Organism 66. Saccharomyces elUpsoideus from Grapes 
Grown at Davis 

Morphology. — ^Microscopical Appearance. — Predominating form 
oblong with tendency to be pointed at one end. Resembles 8. cerevisiae 
in this regard (fig. 5). 

Size.^ — ^Average, 9fi x 5.7 p. Maximum, 13.5/a x 4/a. Minimum, 
4/a X 3/a. Considerably larger than most varieties of 8. elUpsoideus 
from California grapes. 

Spore Formation. — Spores are formed abundantly at 22® C and 
28° C but more rapidly at the lower temperature. Number per cell 
2 to 3. Size, 3/a x 3/a. 

Colonies on Agar Agar. — Size, medium. Convex. Circular. 
White. Waxy luster. Edges entire macroscopically and microsco- 
pically. Colonies in the agar are usually lens-shaped. 

Colonies on Gelatin. — Colonies more flat than on agar. Smooth. 
Under microscope edges of colonies appear bordered with branching 
chains of ellipsoidal cells. Gelatin slowly softened but not liquefied. 

Growth in Liquid Media. — Rapid with vigorous fermentation in all 
solutions tested except lactose. Grows in lactose. Sediment fine 
grained. Settles quickly after fermentation. Typical vinous flavor 
developed in fermented liquids. 

Organisfh 67. Saccharomyces elUpsoideus from Grapes Grown 
in Contra Costa County 

Morphology . — Microscopical Appearance. — Ellipsoidal to spherical, 
former type predominating. Resembles yeast 74 in general appear- 
ance (fig. 5). 

Size. — Average, 6.75/a x 5.25/a. Maximum, 9/a x 6.75/a. Minimum, 
3/a X 3/a. 

Spore Formation. — Large numbers of spores are formed at 22° C 
and 28° C in 24 hours on spore blocks. Number per cell, 2 or 3. Size, 
3/a X 3/a. 

Colonies on Agar Agar. — Small. Convex. White. Waxy luster. 
Colonies in agar are spherical. Edges of colonies entire, both macro- 
scopically and microscopically. 



40 


University of California Publications in Agricultural Sciences [Vol. 4 


Colonies on Gelatin. — Large. Centers of colonies slightly de- 
pressed. Edges are undulate. Under microscope, colonies are fringed 
with short straight chains of ellipsoidal cells. The gelatin is not 
liquefied or softened. 

Growth in Liquid Media. — Growth rapid and fermentation vigor- 
ous in grape must, beer wort, dextrose, and saccharose. Growth slight 
and fermentation absent in lactose. Fermentation more rapid at 20° C 
than at 33° C. Sediment fine grained. Typical vinous fiavor and 

Organism 74, Saccharomyces elUpsoideus from Grapes Grown 

at Acampo 

Morphology , — Microscopical Appearance. — Usual form oblong 
rather than shortly ellipsoidal. Decidedly different in form than 
yeast 64 from the same grapes (fig. 5). 

Size. — Average, 6.6/i x 4.6/i,. Maximum, 9ju, x 4.5jLt. Minimum, 
3/a X 3/a. Smaller than yeasts 66 and 79, which it resembles in shape. 

Spore Formation. — Few spores only at 28° C in 48 hours and none 
in 24 hours. More formed at 22° C in 48 hours. Number per cell, 2. 
Size, 3/a X 3/a (fig. 6). 

Colonies on Agar Agar. — Large. Round. Centers elevated. 
Colonies in agar lens-shaped. Edges of colonies entire both macrosco- 
pically and microscopically. 

Colonies on Gelatin. — Large. Low elevation. Colonies in the 
gelatin spherical. Edges of colonies entire both macroscopieally and 
microscopically. No liquefaction. 

Growth in Liquid Media. — Rapid with vigorous fermentation in 
must, beer wort, dextrose, and saccharose solutions. Small growth and 
no fermentation in lactose. Typical vinous taste and odor. 


Organism 75, Saccharomyces elUpsoideus from Grapes Grown in 
Contra Costa County 

Morphology , — Microscopical Appearance. — Spherical to shortly 
ellipsoidal (fig. 5). 

Size. — ^Average, 6.3/a x 5.5/a. Maximum, 8/a x 8/a, Minimum, 3/a x 3/a. 

Spore Formation. — No spores formed at 28° C at 72 hours, but 
abundantly after 144 hours. This differs from yeast 67 from the same 
grapes; 67 forms spores in 24 hours at 28° C. Numbers of spores per 
cell, 2. Size, 3/a x 3/a (fig. 6). 
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Colonies on Agar Agar. — Medium size. Eound. Convex. White. 
Waxy luster. Colonies in the agar are lens-shaped. Edges of colonies 
entire, both macroscopically and microscopically. 

Colonies on Gelatin. — Large. Low and of even elevation. Sur- 
face radiately ridged. Edges undulate. Under microscope colonies 
are bordered by short straight chains of ellipsoidal cells. 

Growth in Liquid Media. — Rapid and fermentation vigorous in 
grape must, beer wort, dextrose, and saccharose. Slight and no fer- 
mentation in lactose. Typical vinous flavor and odor in fermented 
liquids. 

Organism 79, Saccharomyces elUpsoideus from Grapes Grown in 
Contra Costa County 

Morphology. — Microscopical Appearance. — Cells large and oblong. 
Not strictly ellipsoidal in form (fig. 6). 

Size. — Average, 8.25/a x 5/a. Maximum, 12/a x 6/a. Minimum, 
4.5/a X 3/a. 

Spore Formation. — Spores are formed abundantly in 24 hours at 
28° C. Number per cell, 2 to 4. Size, 2/a x 2/t and 3/a x 3/a (fig. 6). 

Colonies on Agar Agar. — Medium size. Spherical. Convex. White. 
Waxy luster. Colonies in agar lens-shaped. Edges entire both macro- 
scopically and microscopically. 

Colonies on Gelatin. Flat. Edges hazy. White. Waxy luster. 
Under microscope edges are bordered by branching chains of el- 
lipsoidal cells. 

Growth in Litpiid Media. — In grape must, beer wort, dextrose, and 
saccharose, rapid and fermentation vigorous. In lactose, slow and no 
fermentation. Typical vinous taste and odor developed. 

Fermentaiion Records at 33° C. — ^Fermentations were carried out 
in 100 c.c. portions of various liquids at 33° C and records of the rates 
of fermentation were kept as previously explained. 

All of the yeasts with the exception of yeast 67 show rapid fer- 
mentations in must of 23° Balling, and 30° Balling, beer wort, dextrose 
and saccharose solutions, there being little to choose between them 
in the rapidity of fermentation and the amount of sugar destroyed. 
The yeasts show considerable variation in the fermentation of beer 
wort. Apparently some of the yeasts ferment only the dextrose of 
the beer wort and not the maltose. Yeast 67, however, is very strongly 
inhibited in its activity by the moderate temperature of 33° C, because 
it causes only very feeble and incomplete fermentations at this tern- 



42 


University of California Publications in Agricultural Sciences [Vol. 4 


TABLE 9 

Data on Bates op Fermentation op Yeasts Numbers 64 , 66 , 67 , 74 , 75 , and 79 
AT 33 ® 0 IN Various Sugar Solutions 


Yeast 

number 

Time in 
hours 

Must of 
28* Balling, 
loss in 
grams 

Must of 
of 29?8 
Balling 
loss in 
grams 

Wort loss, 
in grams 
14*^ Ball. 

Dextrose 
loss, in 
grams 

16 per cent 
solution 

Saccharose 
loss in 
grams 

16 per cent 
solution 

Lactose 
loss, in 
grams 

15 per cent 
solution 

64 

18 

1.42 

.00 

.87 

.49 

.68 

.03 

64 

42 

4.18 

.66 

2.57 

1.95 

2.43 


64 

66 

6.72 

4.33 

2.75 

2.32 

3.96 


64 

92 

8.09 

7.90 

2.94 

4.74 

5.35 


64 

123 

8.26 

8.70 

2.94 

5.84 

6.30 


64 

165 

8.33 

9.70 

3.04 

6.49 

6.88 

.07 

64 

236 

8.88 

10.00 

3.16 

6.77 

7.30 

.07 

66 

27 

1.83 

.05 

.06 

.44 

.60 

.00 

66 

52 

5.92 

.69 

.55 

2.13 

1.89 

.00 

66 

77 

8.49 

4.11 

2.49 

5.23 

2.91 

.00 

66 

125 

10.09 

9.31 

6.64 

6.81 

4.59 

.00 

66 • 

167 

10.44 

11.71 

8.69 

. 

5.56 

.00 

66 

244 

10.98 

11.85 


7.54 

7.38 

.00 

66 

341 

11.68 

12.59 



8.35 

.00 

66 

421 


12.82 



8.55 

.00 

67 

27 

.14 

.04 

.33 

.66 

.31 

.00 

67 

52 

.89 

.14 

.53 

1.80 

.42 

.00 

67 

77 

1.99 

.92 

.64 

3.21 ' 

.64 

.00 

67 

125 

2.79 

1.57 

.67 

4.11 

.83 

.00 

67 

244 

2.99 

1.84 

“.72 

5.72 

.84 

.00 

67 

341 

3.33 

2.40 

.75 

7.07 

1.13 

.00 

67 

421 

3.50 

2.85 

.75 

7.35 

1.30 

.00 

67 


4.59 

2.98 



1.39 

.00 

74 

27 

2.69 

.16 

1.76 

.83 

.93 

.00 

74 

52 

5.71 

2.89 

2.54 

3.52 

2.74 

.00 

74 

77 

7.81 

6.15 

3.99 

5.52 

4.42 

.00 

74 

125 

9.14 

9.77 

4.27 


6.59 

.00 

74 

167 

9.31 

11.87 

4.32 

7.23 

7.09 

.00 

74 

244 

10.87 

12.38 

4.65 


7.62 

.00 

74 

341 

11.50 

12.53 

5.00 


7.87 

.00 

74 

421 


12.65 

5.15 


7.97 

.00 

75 

27 

2.08 

-.08 

.66 

.38 

.61 

.00 

75 

52 

4.72 

,67 

1.29 

.80 

1.57 

,00 

75 

77 

6.74 

4.05 

1.89 

2.05 

2.47 

.00 

75 

125 

8.06 

6.89 

2.64 

3.38 

4.04 

.00 

75 

167 

8.74 

7.94 

3.12 

6.17 

5.17 

.00 

75 

244 

9.85 

8.88 

3.40 

6.98 

6.78 

.00 

75 

341 

10.97 

10.66 

3.55 

7.29 

7.60 

,00 

75 

421 

11.35 

10.66 

3.65 


7.90 


79 

46 

4.96 

3.21 

1.81 

1.79 

1.80 

.00 

79 

73 

7.77 

6.97 

2.42 

3.37 

3.66 

.00 

79 

96 

8.40 

8.84 

2.63 

4.52 . 

4.77 

.00 

79 

118 

8.74 

10.14 

2.83 

5.66 

5.71 

.00 

79 

167 

8.88 

10.83 

2.83 

6.38 

6.40 

.00 

79 

215 

9.07 

11,27 

3.07 

6.66 

6.55 

.00 

79 

239 

9.10 

11.40 

3.07 

6.68 

6.60 

.00 
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perature. The presence of such yeast as this in natural wine fermen- 
tations would render such fermentations very liable to sticking if 
the temperature arose much above 33° C. It is possible that the 



Fig. 12. — Fermentation curves of true wine yeasts from California grapes. 

reason that some wines will ferment completely even at temperatures 
above 38° C, and others stick with unfermented sugar is because of 
the difference in the character of the natural wine yeast present. The 
possibility of a yeast similar to yeast 67 being the only wine yeast 
present in a natural wine fermentation makes it very desirable to 
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insure good fermentations by the use of pure and selected varieties 
of wine yeast. 

Lactose supported the growth of the S, ellipsoideus yeasts discussed 
above, but was not fermented by any of them. 

Attenuation and Alcohol Formation at 33° C . — The fermented 
liquids were analyzed with the results in table 10. 


TABLE 10 

Yeasts Numbers 64, 66, 67, 74, 75, 79. Attenuation and Yields op Alcohol 
IN Must, Beer Wort, Dextrose, Saccharose, and Lactose Solutions 


Toast 

No. Medium 

64 Must of 23® Balling 

64 Must of 29? 8 Balling 

64 Beer wort of 14® Balling ... 

64 Dextrose solution, 15% 

64 Saccharose solution, 15% ... 
64 Lactose solution, 15% 

Attoniiation 
in grams 
per 100 
c.c 

... 19.70 
... 21.40 
... 6.16 
... 11.69 
... 12.23 

Theoretical 
yield of 
alcohol 

12.80 

13.90 

4.39 

7.60 

8.80 

Observed 
yield of 
alcohol 

11.75 

12.80 

3.40 
• 6.00 
• 7.15 

.00 

Per cent of 
theoretical 
yield 
obtained 

93.4 
92.1 

77.4 
79.0 

81.4 
.0 

66 

Must of 23® Balling 

... 19.41 

12.70 

11.40 

89.7 

66 

Must of 29 ?8 Balling 

... 19.75 

12.90 

11.40 

88.4 

66 

Beer wort, of 14® Balling . 




5.70 


66 

Dextrose solution, 15% 

... 13.20 

8.60 

. 7.95 

92.4 

66 

Saccharose solution, 15% ... 

... 12.03 

8.30 

7.55 

90.9 

66 

Lactose solution, 15% 




.00 


67 

Must of 23® Balling 

... 5.41 

3.55 

2.00 

56.4 

67 

Must of 29?8 Balling 

... 3.85 

2.53 

1.30 

51.3 

67 

Beer wort of 14® Balling . 

... 1.61 

1.11 

.65 

58.6 

67 

Dextrose solution, 15% 

... 12.75 

8..38 

7.95 

94.7 

67 

Saccharose solution, 15% .... 

... 2.82 

1.94 

1.00 

51.5 

67 

Lactose solution, 15% 

... .36 

.24 

.00 

.0 

74 

Must of 23® Balling 

... 19.31 

12.70 

11.40 

89.7 

74 

Must of 29? 8 Balling 

... 20.95 

13.70 

11.40 

83.2 

74 

Beer wort, of 14® Balling .. 

... 7.96 

5.30 

4.10 

75.3 

74 

Dextrose solution, 15% 

... 11.64 

7.60 

5.70 

75.0 

74 

Saccharose solution, 15% .... 

... 11.83 

8.18 

7.95 

97.2 

74 

Lactose solution, 15% 

-- 


.00 


75 

Must of 23® Balling 

... 18.31 

12.03 

8.01 

66.6 

75 

Must of 29?8 Balling 

... 22.10 

14.53 



75 

Beer wort of 14® Balling .. 

... 6.07 

4.17 

2.34 

57.3 

75 

Dextrose solution, 15% 

... 12.55 

8.60 

6.40 

74.4 

75 

Saccharose solution, 15% .... 

... 12.62 

8.70 

8.60 

08.8 

75 

Lactose solution, 15% 

.. .36 

.25 

.00 

.0 

79 

Must of 23® Balling 

... 18.51 

12.17 



79 

Must of 29?8 Balling 

.. 18.54 

12.20 

11.45 

93.8 

79 

Beer wort of 14® Balling .. 

... 6.36 

4.38 

2.35 

53.7 

79 

Dextrose solution, 15% 

.. 12.60 

8.20 

6.00 

72.9 

79 

Saccharose solution, 15% .... 

.. 11.43 

7.87 

6.00 

76.2 

79 

Lactose solution. 15% 

.. .06 

.04 

.00 

.0 
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Fig. 1.1. — ^Fermentation curves of true wine yeasts from California grapes. 

The effect of a moderately high temperature on yeast 67 is shown 
by the analyses of the fermented liquids, from which it is seen that 
the absolute amounts of alcohol formed by this yeast are small and 
that the per cents of the theoretical yields obtained were very small. 
Thus at 33° C it not only gives very incomplete fermentations, but 
is also very wasteful of the sugar that jt ferments. Yeast 75 gave 
the highest yield of alcohol, 14.53 per cent. None of the yeasts gave as 
much alcohol in must of 30° Balling, at 33° C as they did at 24° C. 
Contrasted with the yeasts discussed in the previous pages the 8. 
elUpsmdeus yeasts gave larger yields of alcohol and in general a larger 
per cent of the sugar destroyed was transformed into alcohol. 
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Comparison op Fermentations at 33° C and 24° C (all Varieties) 

The nineteen fermentation organisms discussed in the preceding 
pages were transferred to grape must of 29.8° Balling, and the pro- 
ducts of fermentation at 24° C and 33° C studied and compared. The 
results appear in table 11. 

TABLE 11 

Comparison op Products op Fermentation op California Yeasts in Grape 
Must op 30® Balling Fermented at 24* C and 33* C 
Theoretical 


Attenuation 
in ([:rams 
per 100 

Orsranism e.c. 

35. 8, apiculatus 8.31 

72. 8. apiculatus 6.80 

65. Mycoderma species .... 2.70 

68. Mycoderma species .... 4.20 

70. Mycoderma species .... 3.40 

71. Mycoderma species .... 8.20 

73. Mycoderma species .... 23.00 

76. Mycoderma species .... 3.20 

78. Mycoderma species .... 10.10 

37. Torula species 3.70 

77. Torula species 6.47 

36. 8. pastorianus 2.80 

69. Willia anomala 5.11 

64. 8. ellipsoideus 24.60 

66. 8. ellipsoideus 22.00 

67. 8. ellipsoideus 24.01 

74. 8. ellipsoideus 22.50 

75. 8. ellipsoideus 22.70 

79. 8. ellipsoideus 25.30 


35. 8. apiculatus 6,15 

72. 8. apiculatus 1.20 

65. Mycoderma vini 0.00 

68. Mycoderma vini 7.84 

70. Mycoderma vini 2.05 

71. Mycoderma vini 

73. Mycoderma vini 14.75 

76. Mycoderma vini 00.00 

78. Mycoderma vini 14.13 

37. Torula species 05 

77, Torula species 3.85 

36. 8. pastorianus 1.65 

69. Willia Anomala 2.92 

64. 8. ellipsoideus 21.40* 

66. 8. ellipsoideus 19.75 

67. 8. ellipsoideus 3.85 

74. 8. ellipsoideus 20.95 

75. 8. ellipsoideus 22,10 

79. 8. ellipsoideus 18.54 


yield of 
alcohol, 
volume, 
per cent 

5.46 

Alcohol 
obtained, 
volume, 
per cent 

2.60 

Per cent of 
theoretical 
yield 
obtained 

47.6 

Temperature 

24*0 

4.47 

3.20 

72.7 

24*0 

1.70 

0.00 

00.0 

24* 0 

2.70 

1.20 

44.4 

24* 0 

2.20 

.60 

. 27.3 

24* 0 

5.40 

3.20 

59.2 

24* 0 

15.70 

1.3.50 

86.0 

24* 0 

2.10 

.65 

30.9 

24* 0 

6.64 

4.05 

60.9 

24* 0 

2.43 

.30 

12.3 

24* 0 

4.25 

1.05 

. 24.7 

24* 0 

1.85 

0.00 

00.0 

24* 0 

3.35 

1.05 

31.3 

24* 0 

16.20 

15.60 

96.3 

24° C 

14.40 

14.10 

97.9 

24* 0 

15.80 

15.30 

96.8 

24* 0 

14.80 

14.20 

9.5.2 

24* 0 

14.90 

14.40 

96.6 

24* 0 

16.60 

15.55 

93.7 

24* 0 

.79 

.30 

37.9 

33* 0 

4.03 

2..35 

58.30 

33* 0 

0.00 

0.00 

00.0 

.33* 0 

5.15 

4.50 

89.30 

33* 0 

1.35 

1.00 

74.50 

33* 0 


7.90 


.33* 0 

9.70 

6.80 

70.10 

.33* 0 

0.00 

0.00 

00.00 

33* 0 

9.29 

9.00 

97.90 

33* 0 

.03 

0.00 

00.00 

.33* 0 

2.53 

.65 

25.70 

33* 0 

1.08 

.00 

00.00 

33* 0 

1.90 

1.00 

52.60 

33* 0 

13.90 

12.80 

92.10 

33* 0 

12.90 

11.40 

88.40 

3.3* C 

2.53 

1.30 

51.30 

33* 0 

13.70 

11.40 

83.20 

33* 0 

14.53 



33* 0 

12.20 

11.45 

93.80 

33* 0 
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TABLE 11 — (Continued) 

Loss in fixed 
acid during 

. Volatile acid, grams ferccentation, 

Organism per 100 c.c. grams per 100 c,c. Temperature 


35. 8. apiculatus 

110 

—.10 

24* C 

77. 8. apiculatus 

100 

.05 

24* C 

65. Mycoderma vini 

020 

.06 

24* C 

68. Mycoderma vini 

050 

—.19 

24* C 

70. Mycodrema vini 

030 

—.10 

24* C 

71. Mycoderma vini 

043 

—.07 

24*0 

73. Mycoderma vini 

097 

.02 

24* C 

76. Mycoderma vini 

020 

.04 

24* C 

78, Mycoderma vini 

056 

—.08 

24* C 

37. Torula species 

084 

.06 

24* C 

77. Torula species 

020 

—.02 

24* C 

36. 8. pastorianus 

030 

—.04 

24* C 

69. Willia anomala 

080 

—.06 

24* C 

64. 8. ellipsoideus 

060 

.06 

24* C 

66. 8. ellipsoideus 

050 

.10 

24° C 

67. 8. ellipsoideus 

080 

.12 

24* C 

74. 8. ellipsoideus 

078 

.11 

24* C 

75. 8. ellipsoideus 

070 

.06 

24* C 

79. 8. ellipsoideus 

0.90 

.02 

24* C 

Discussion of Results in Table 11. — Organisms 35, 72, 73, 76, 37, 

64, 66, 67, and 74 gave higher percentages of the theoretical yield at 

24° C than at 33° C. 

Organisms 68, 70, 77, and 69 gave higher per- 

centages of the theoretical at 33° C than at 24' 

^ C and organism 79 

gave approximately the same percentages at 33 

° C and 24° 

C, while 

organisms 65 and 36 

gave no alcohol at either temperature. 



In regard to the absolute amounts of alcohol formed, the relations 
are somewhat different. Yeasts 68, 70, 71, and 78 gave higher yields 
of alcohol at 33° C than at 24° C. All of these are Mycodcrma forms. 
This might indicate that these forms have a higher optimum than the 
other forms tested. All other forms tested gave higher yields of 
alcohol at 24° C than at 33° 0. The results are especially striking 
with 8. elUpsoideus, number 67, in this respect. It gave 1.3% alcohol 
at 33° C and 15.3% at 24° C. 

The wild yeasts, i.e., the 8 . apiculatux, Mycoderma, Tornla. 8. pas- 
torianus, and 'Willia yeasts, with the exception of organism 73, all 
gave small amounts of alcohol and were very wasteful of the sugar 
fermented. The percentage of the theoretical yield varied from 0% 
to 72%. On the other hand, the 8. ellipsoidetis yeasts gave fairly 
high amounts of alcohol, varying from 14.1% to 15.6% at 24° C, and 
all gave over 93% of the theoretical yield of alcohol from the sugar 
destroyed at 24° C. These facts emphasize the nece.ssity of favoring 
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the growth of the true wine yeasts and discouraging the development 
of the wild yeasts. 

It is commonly held by enologists in general that wild yeasts as a 
rule destroy large amounts of tartaric acid and form high amounts of 
volatile acid during fermentation. To test this belief with the Cali- 
fornia wild yeasts under observation, analyses of the original unfer- 
mented must used in the above tests and of the fermented liquids were 
made. Contrary to expectations they did not destroy abnormally large 
amounts of fixed acid during fermentation, so that it is possible that 
the low yield of fixed acid in naturally fermented wines compared to 
those fermented with pure yeast and sulfurous acid may be due to other 
causes than the development of the wild yeasts. For example, it may 
be due to bacteria, or the higher yield of fixed acid in wines in which 
sulfurous acid has been used may be due to the chemical effect of the 
sulfurous acid on the cream of tartar which it may protect from preci- 
pitation by the alcohol of the wine. The fact that the use of sulfurous 
acid in wine making gives a higher yield of fixed acid in the finished 
wine made from the same grapes by natural fermentation, and the 
results of the above tests, simply cast doubt on the theory held that 
the low yield of fixed acid in naturally fermented wines is due to 
the activity of the wild yeasts. They do not necessarily prove the 
contrary view, because of the small number of yeasts under obser- 
vation. 

The largest amount of volatile acid was formed by the iSf. apicu- 
latus yeast, which gave 0.11%. This, in itself, is considerably below 
the legal limit of 0.140% for red wines and 0.120% for white wines. 
The real point to note, however, is that the apiculatus yeast develops 
in natural wine fermentations before the true wine yeast has had a 
chance to carry on any great amount of fermentation, so that the 
volatile acid formed by the apiculatus yeast is added to that later 
formed by the true wine yeast and other yeasts. In this way the 
volatile acid may rise dangerously high. Added to this, is the fact 
that the apiculatus yeast produces compounds during fenuentation 
that are prejudicial to the activity of the true wine yeast and so cause 
it to behave abnormally and produce larger amounts of volatile acid 
than it otherwise would. It may be stated that wine ceases to be com- 
mercially salable when it contains more than 0.14% volatile acid. 

From the data and discussions given in the foregoing pages on the 
properties of California yeasts, it may be said that the yeastg of the 
S. ellipsoideus or true wine yeast type are the only ones so far found 



Fig. 14. — ^Fermentation curves of true wine yeasts from California grapes. 

that are suitable for the production of wine. Although several of the 
wild yeasts produce fairly large amounts of alcohol and low volatile 
acid during fermentation, they can not be used in wine making, be- 
cause they produce undesirable flavors and odors. An objection to the 
California S. ellipsoideus yeasts is the fine grained character of their 
sediments, giving slow clearing after fermentation and difficulty in 
racking. Another defect is that some of them seem to be weakened 
very perceptibily by such a moderate temperature as 90® F (32® C). 
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Fig. 15. — ^Fermentation curves of true wine yeasts from California grapes 


Several varieties of S. ellipsoideus isolated in France and cultures 
of which are in the University collection give much better results than 
any of the yeasts isolated from California grapes in this laboratory. 
Consequently it seems desirable to use one of the French varieties 
rather than any of the above California yeasts for commercial fer- 
mentation of grapes for wine. 







1918] 


Cruess: Fermentation Organisms of California Grapes 


51 


IV. INFLUENCE OF LOCALITY ON THE CHAEACTEK OF 
THE MICRO-ORGANSIMS ON GRAPES 
Methods of Taking Samples® 

Samples of grapes were obtained from Davis, Fresno, and El 
Centro, all localities in California. Two Mason fruit jars of one quart 
capacity each were plugged with cotton wool, packed into a small box 
with excelsior, and the box and contents were sterilized at 150° C in 
a dryheat sterilizer. Two such jars were sent to each of the above 
localities. Several small bunches of grapes were cut and allowed to 
fall into the open jars. The cotton plugs were then replaced. The 
grapes were sent to Berkeley where the numbers of the different 
groups of yeasts present were determined. Samples from Contra 
Costa County, California, were taken in sterile paper bags. The organ- 
isms on grapes from Ripon, San Joaquin County, California, were 
determined at the vineyard. 

Method op Counting Living Cells on Grapes 
The same sort of grape must agar, and sterile petri dishes pre- 
viously described were employed in the counting tests. In addition 
to the above apparatus a number of sterile one c.c. pipettes, and test 
tubes, each containing 9 c.c. of sterile water were necessary. On 
arrival at the laboratory, the grapes were crushed in the jars by means 
of a sterile pestle. One cubic centimeter of the fresh juice was re- 
moved by means of a sterile 1 c.c. pipette and transferred to a tube 
of 9 c.c. sterile water. With another sterile 1 c.c. pipette one cubic 
centimeter of the liquid in the first tube of water was transferred to 
a second tube. This process was carried progressively to a third, 
fourth, and occasionally a fifth tube, depending on the condition of the 
grapes. This gave a dilution of 1:10 in the first tube, 1:100 in the 
second tube, 1 :1000 in the third, and 1:10,000 in the fourth. From 
each of these tubes one cubic centimeter of the liquid was removed to 
separate petri dishes. Melted agar must at 40° C to 45° C was poured 
into each plate and the plates set away to allow development of the 
individual cells into colonies. Counts of the number of colonies and 
notes of the numbers of each type of organism present were made. 
From the dilutions used it was possible to calculate the number of 
active cells of each kind of micro-organism present in a unit volume 
of the original liquid (see plate 1). 

fl The writer wishes to express his appreciation of the aid given him by 
Messrs. Flossfeder, Way, and Packard in taking samples. 
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Results of Counting 

The results of the countings made, appear in the following tables ; 


TABLE 12 

MicrO’Oroanisims on Grapes prom Davis 


Sample number 1, 
first crop, 
Muecat grapes, 

Organism cells per c.c. 

Penicillium, green mold (probably glaucum none 

Aspergillus mold (probably niger) none 

Mucor mold 20,000 

Bematium mold 130,000 

Powdery white mold none 

8. apiculatus (a wild yeast) less than 100* 

Other wild yeasts 200,000 

True wine yeast (8. ellipsoideiis) none 


Sample number 2, 
second crop. 
Muscat grapes, 
cells per c.c. 
none 
1,000 
none 
105,000 
3,000 
loss than 100 


none 


* The dilutions below 1:100 were so badly overgrown witR the dematium mold that it 
was not possible to differentiate the yeasts present, so that “less than 100 per c.c.” may 
mean from none to 100 per c.c. It signifies that no fi. apiculatus or true wine yeasts appeared 
on the dilution of 1:100 There were no true wine yeast cells present, however, Wcause 
all of the samples were plated out again during fermentation and in this way true wine yeast 
cells were proven to be absent. Added proof of the absence of true wine yeast is given 
by the fact that the crushed ^rrapes did not undergo true wine yeast fermentation but after 
a feeble wild yeast fermentation became moldy and rotted. 


TABLE 13 

Micro-Organisms on Grapes from El Centro 


Sample number 1, 

Organism cells per c.c. 

Penicillium (olive green mold) 2,400,000 

Penicillium (blue green mold) none 

Fusarium-like mold 30,000 

Aspergillus mold 40,000 

8. apiculatus less than 100 

Wild yeasts, Mycoderma vini type .... 400,000 

True wine yeasts (8. ellipsoideus) none 


Sample number 2, 
cells per c.c. 

20,000,000 
50,000 
none 
100,000 
less than 100 
8,000,000 
none 


There were no true wnne yeasts present because the grapes did 
not undergo a wine yeast fermentation but simply became very moldy 
and finally rotted. 

' TABLE 14 

Micro-Organisms from Grapes Grown at Fresno 


White grapes, 

Organisi^ cells per c.c. 

Penicillium (olive green mold) 10,000 

Aspergillus mold 10,000 

Fusarium-like mold 10,000 

Dematium mold 7,500 

Mucor mold 200 

8. apiculatus '. less than 100 

True wine yeast (8. ellipsoideus less than 100 


Red grapes, 
cells per c.c. 

15,000 
1,000 
4,000 
560,000 
less than 100 
less than 100 
less than 100 


These grapes underwent true wine yeast fermentation, proving 
the presence of a few 8, ellipsoideus. 
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TABLE 15 


Micro-Organisms on Grapes from Vineyard of J. 

SwETT & Son, 

Martinez 


Alicante 

Sauvignon 

Isabella 

Organism 

Bouschet grapes, verte grapes, 
cells per c.c. cells per c.c. 

grapes, 
cells per c.c. 

Penicillium (green mold) 

5,000 

3,000 

15 

Mucor (gray mold) 

2,000 

none 

none 

Dematium (tree mold) 

17,000 

22,000 

18,000 

Aspergillus mold 


none 

200 

Monilia mold 

12,000 

30,000 

10,000 

Wild yeasts 

14,000 

36,000 

100 

True wine yeast (8. ellipsoideus 

a few 

a few 

a few 


These grapes underwent normal alcoholic fermentation, proving 
the presence of S, elUpsoideus, 


TABLE 16 

Micro-Organisms prom Grapes Grown at Eipon* 


Organism 

Penicillium (blue green mold) 

Mucor mold 

Aspergillus mold 

Wild yeasts 

True wine yeasts 


Cells per c.c. 

1,700 

100 

less than 100 
2,600 

less than 100 but more than 0 


* The above counts were made by plating the grapes in the vineyard. 


Yeasts From the Tulare Experiment Station 

In 1906 grapes were gathered at the Tulare substation by Pro- 
fessor Bioletti^ under conditions that precluded contamination by 
organisms not present on the gi*apes. The yeasts present on them 
were isolated by H. C. Holm and their properties studied. All of 
them were found to be wild yeasts of very low fermenting power and 
all gave undrinkable fermented musts. No true wine yeast was found. 


Discussion op Tables 12 to 16, Inclusive 

The grapes from Davis, Fresno, El Centro, Ripon, and Martinez 
were all allowed to ferment after crushing and plating tests wore made 
during fermentation in order to obtain the trpe wine yeast if present. 
The Davis grapes and the El Centro samples did not undergo true 
yeast fermentations, but after a short wild-yeast fermentation, became 
very moldy and finally rotted. The grapes from the other localities 
underwent normal true wine yeast fermentations and the yeasts of 
this type present were found on dilutions in agar must made during 
fermentation. 

T Bioletti, F. T., and Holm, H. C., Calif. Exp. Sta. Bull. 197, pp. 169, 175, 1908 
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Wine is not made in the regions in the immediate vicinity of Tulare 
and El Centro, and none is made at the University Farm, Davis. The 
grapes from Fresno, Bipon, and Martinez came from places near 
wineries and on all of these samples true wine yeasts were found. 
These tests indicate that grapes from regions remote from wineries 
have smaller numbers of true wine yeast cells on their surfaces than 
grapes from wine making regions. Reasoning from these facts it is 
probable that the grapes gathered during the beginning of the season 
will have fewer true wine yeast cells than those picked later in the 
crushing season. Thus the use of pure yeast is more necessary on 
grapes from regions distant from wineries and on grapes gathered 
during the forepart of the season that it is on those picked in wine 
making regions after the season has progressed for several weeks. 
The figures given in Part IV indicate the influence of the time of 
picking on the numbers of yeasts, etc., present. • 

All the samples tested above gave a great preponderance of molds 
and wild yeasts over the true wine yeasts. It can easily be seen that 
if there are several hundred thousand wild yeasts and a million or 
two mold cells for each one to a hundred true yeast cells, as was 
actually the case in several instances, the true wine yeasts will have 
overwhelming odds against which to develop. Where such a condi- 
tion of affairs exists the wild yeasts must of necessity cause consider- 
able damage. It is not probable that the molds do a great deal of 
damage after crushing because the conditions are not very favorable 
for their growth in the crushed grapes, but they undoubtedly de- 
preciate the value of grapes for wine making during long shipments. 

In summarizing the above data it may be stated that grapes, both 
from wine making regions and from those in which wine is not made, 
are deficient in true wine yeasts and carry a large number of molds 
and wild yeasts prejudicial to the making of the best wines. Grapes 
from regions remote from wineries seem to bear smaller numbers of 
the true wine yeasts than those from wine making localities. 

V. INFLUENCE OP* THE STAGE OF RIPENESS ON -^HE 
CHARACTER OP THE MICRO-ORGANISMS ON GRAPES 

Sampling 

Grapes were gathered in sterile paper bags from a Zinfandel vine 
in a large vineyard at Muir Station in Contra Costa County, Cali- 
fornia, in 1912. One sample was taken when the grapes were green, 
a second when they had begun to turn, and the third in the middle of 
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September when the grapes were ripe. Since the samples were all 
from the same vine, they may be taken as being more or less com- 
parative. A sample was taken from an Alicante Bouschet vine in 
the same vineyard as the Zinfandel when the grapes were green and 
a second sample in the middle of September from another vine of the 
same variety in the vicinity of the first one. 

The grapes were crushed in the laboratory, using precautions 
against outside infection, and counts of the active cells present were 
made as in the tests recorded in Part III. 


Eesults 

The results of the tests appear in the accompanying tables . 

TABLE 17 

Numbers of Micro-Organisms on Grapes at Different Stages of Ripeness 


Ripen egs of 
grapeB at 
sampling 

Type of 
organismB 
found 

Cells per c.c. 
of must, 

Zinfandel grapes 

Cells per c.c. 
of must. Alicante 
Bouschet grapes 

1 

r Molds 

1,040,000 

100 

Hard, greenJ 

Wild yeasts 

less than 10 

less than 10 

1 

1 S. ellipsoideus 

none 

none 

1 

r Molds 

1,000,000 


Beginning to colorJ 

' Wild yeasts 

175,000 


1 

^ S. ellipsoideus 

none 



r Molds 

190 

22,000 

Ripe. 

Wild yeasts 

3,360 

26,000 


1 S. ellipsoideus 

less than 1, 
but present 

a few 


The crushed samples were allowed to stand in sterile jars plugged 
with cotton. Samples taken when the grapes were hard green and 
beginning to color, molded and putrefied, but did not ferment, indi- 
cating absence of S. cllipsoideus. The samples of ripe grapes both 
fermented, showing presence of S. cllipsoidcus. 

On the green grapes molds were about the only kind of organisms 
present. When the grapes began to turn in Color the wild yeasts had 
made their appearance in large numbers, but no true yeasts were in 
evidence. On the ripe grapes were found chiefiy wild yeasts and 
molds and in addition to these a few 8, elUpsoideus cells, not enough 
to develop on the plates of dilution 1:10, but still enough to cause 
the grapes to undergo a true yeast fermentation after standing several 
days in a sterile flask plugged with cotton wool. 
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The surfaces of the hard green grapes are very poor places for the 
development of micro-organisms; and molds predominate probably 
because they are merely present in the dust on the surface of the 
grapes. As the grapes soften during ripening some of them are broken 
by birds and insects and the yeasts, etc., develop in the broken berries. 
From these the cells are carried to the surfaces of other grapes by 
insects, etc., so that as the season advances the numbers of yeasts 
increase. Even on the ripe grapes, however, the numbers of the true 
wine yeast cells, 8. ellipsoideics, were small and were greatly exceeded 
by those of the molds and wild yeasts. The data of this table do not 
confirm the statement often made that the numbers of micro-organisms 
increase during ripening. 


VI. CHANGES IN THE NUMBERS AND CHARACTER OP THE 
MICRO-ORGANISMS ON GRAPES DURtNG SHIPMENT 
FROM VINEYARD TO CELLAR 

Burger grapes were picked at the vineyard of J. Swett & Son, 
Ripon, California, and dilution plates on agar were made at the vine- 
yard on the freshly picked grapes. Counts were also made on grapes 
from the same block of the vineyard after they had stood about eigh- 
teen hours in boxes. The sample in this latter case was taken from a 
lot of two boxes that were crushed into a sterile barrel. After the 
grapes arrived at the winery in Martinez three days later an average 
sample was taken and counts of the micro-organisms present again 
made. 

Alicante Bouschet grapes were plated at the vineyard and on 
arrival three days later at the winery. The results of the above tests 
appear in tables 18 and 19. 


TABLE 18 

Change in Micro-Organisms on Burger Grapes After Picking 



Grapes in 

Grapes after 

1 8 hours 

Grapes after 

3 days on 
board cars, 


vineyard, 

in boxes, 


cells per c.c. 

cells per c.c. 

cells per c.c. 

Organ inm 

of must 

of nuiRt 


of must 

1. Penicillium mold 

2. Mucor mold 

1,700 

100 

145,000 

50,000 

1 

-9,200,000 

3. Aspergillus mold 

4. Dematium mold 

5. Mycodera forms and Torula 

none 

less than 1 

none 

'72,000 

- 

yeasts 

2,500 

160,000 


4,700,000 

6. S. apiculatus yeast 

less than 1 

less than.lO 

less than 1,000 

7. True wine yeast (S. ellipsoideus) 

less than 1 

less than 100 


500,000 

8. Vinegar bacteria 

none 

none 


800,000 



1918] 


Crueas: Fermentation Organisms of California Grapes 


67 


TABLE 19 

Change in Micro-Organisms on Alicante Bousohet Grapes During Shipment 



Orgunism 

Srapes in vineyard, 
cells per c.c. 
of must 

Grapes three days 
later at cellar, 
cells per c.c. 
of must 

1. 

Penicillium mold 

320,000 

2,500,000 

2. 

Mycoderma forms 

125 

5,400,000 

3. 

Other wild yeasts 

none 

less than 1,000 

4. 

True wine yeast (S. ellipsoideus).. 

25 

440,000 

5. 

Vinegar bacteria 


less than 100 


The effect of standing over night in the boxes was to greatly 
increase the numbers of wild yeasts and molds present without mate- 
rially affecting the quantity of true wine yeast present. No doubt a 
great deal of the mold and wild yeast cells came from the sides and 
bottoms of the boxes, where they had collected from broken and moldy 
berries during previous shipments. Thus, it may be seen how grapes 
almost free from micro-organisms could acquire large numbers by 
standing in boxes a few hours. Some of the increase is, of course, 
due to normal increase of the cells present on the surface of the grapes 
and to increase of organisms in the grapes broken during picking. 

The grapes were three days on the road from the vineyard to the 
winery and arrived in a moldy condition, but in no worse state than 
other Burger grapes shipped under like conditions. The plating tests 
bore out what the appearance indicated, namely, the presence of great 
numbers of molds, 9,000,000 per cubic centimeter; wild yeasts, 
4,700,000, and even large numbers of vinegar bacteria, 800,000 per 
cubic centimeter. The wine yeast was present in less numbers than 
any of the other organisms, there being only 500,000 of them per 
cubic centimeter. 

The Alicante Bouschet grapes gave similar results, but being firmer 
grapes they arrived in better condition than the Burgers, as was 
shown by their appearance and by counting tests. 

A method of controlling the micro-organisms on grapes during 
shipment is discussed under Part VII. 


VII. CHARACTER AND NUMBERS OF MICRO-ORGANISMS 
ON GRAPES AS RECEIVED AT THE WINERY DURING 
THE SEASONS OP 1911 AND 1912 

Samples of the freshly crushed grapes from tw^o wineries in Contra 
Costa County were taken in 1911 and 1912 and counts of the active 
cells present were made with the results given in the following table : 
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Thes6 tGSts justify the statement that ^apes ordinarily arrive at 
the winery with a preponderance of the undesirable organisms as com- 
pared with the desirable true wine yeast, S. ellipsoideus. The actual 
numbers of all molds, wild yeasts, etc., are less on grapes gathered 
near the winery than on those shipped considerable distances before 
crushing; but the ratio of molds and wild yeasts to true yeasts is 
greater on clean grapes than on moldy ones judging from the above 
tests. Therefore, there is just as much, or even a greater need for 
the use of pure yeast with clean grapes than with grapes in poor 
condition, although it is extremely desirable to check the growth of the 
undesirable and promote the development of the desirable types in 
both cases. 


VIII. EXPERIMENTS UPON THE CONTROL OP MICRO- 
ORGANISMS ON GRAPES FOR WINE MAKING 

Before Shipment 

Burger and Alicante Bouschet grapes from the vineyard of J. 
Swett & Son were used in the tests discussed below. 

Several boxes of Burgers were crushed into a barrel that had been 
sterilized with strong potassium metabisulfite solution and rinsed out 
with clean water to remove the metabisulfite. To the crushed grapes 
was added potassium metabisulfite at the rate of 12 ounces^ per ton 
of grapes. This was added in the form of a 10 per cent solution. Pour 
clean Mason fruit jars were filled with the crushed grapes and sul- 
fited at the rates of 6, 8, 9, and 14 ounces per ton. The metabisulfite 
is decomposed by the tartaric acid of the grapes to give sulfur dioxide 
and cream of tartar. 

Several bunches of Alicante Bouschet grapes were crushed into a 
Mason jar and were treated at the rate of about eight ounces of meta- 
bisulfite per ton. The treated Burgers and Alicante Bouschet were 
shipped from Ripon to Martinez in the same car with untreated 
grapes. Counts of the micro-organisms on the grapes before treatment 
and on the treated and untreated grapes at the winery upon their 
arrival three days later were made. 


8 Twelve ounces of K, SsO* (potassium metabisuMte) per ton corresponds • 
to approximately 190 milligrams SO* (sulfur dioxide) per kilogram of grapes. 



60 


University of California Publicatione in Agricultural Sciences [Vol. 4 


a} o a? © 

si o S S g 

S' a § §- § § 

§ O O 

9> OO 


•5” . 4 - fe o o o o o 
^SogojOoOOO 

P S fe 6 rt o' iff w o' o' 
|5 S Q, o CNJ ^ 

H lO rl 


I O o rH o o o 


SSSOO ^ooo 
5p,aoo gw^oo 
— ^'S 5 o' o'* 

o O ^3 rH CO 
>6 ^ QO 


05 „ 
<M Erl W 

n ^ 2 

^ B ^ 

PQ « 


, O O tH o o o 
> O O es o O O 

I O 2 O^ O^ 

I 52 o' ^ o' o' 

I fH O ■4-» W o 

' 03 0} 

: o g or 


*C — © w © 

Pi »^ © SJ -Cj 

SI t: «2 ® Si 

6 p cS © W § 

£ ft S ® O *? 

^ © •ft JJ; *5 Q} 

tiC . 'PS ^ ♦J 

r s © 03 112 2 

o <5 6>D !3 

® 

W 03 C3 S* fli 

© © -M § © -2 

£» i «d S ^ 2 

3 fl 9 ir: a 3 

pq P 03 -etj P CQ 

rH Oi CO »0 <0 



1918] , 


Cruess: Fermentation Organisms of California Grapes 


61 


The Burger grapes in the jars all arrived in good condition, i.e., 
with no visible mold growth and no fermentation ; in fact, none of the 
treated grapes were moldy or fermenting. The untreated grapes of 
both varieties shipped in the ordinary way were visibly moldy and 
in some bunches the odors of fermentation and acetic acid were 
noticeable. 

The amounts of sulfurous acid used were small and very much 
below the legal amount of 350 milligrams per liter allowed in finished 
wine in France. Analyses of the samples for sulfur dioxide on arrival 
at the cellar are tabulated in table 24. The grapes in the barrel were 
sulfited twelve ounces per ton, which is the equivalent to 190 milli- 
grams of sulfurous acid per kilogram. On arrival at the cellar they 
contained only 110 milligrams of total sulfurous acid per liter. In 
other words almost one-half of the sulfurous acid had disappeared 
during shipment. 

TABLE 22 

Sulfurous Acin in Treated Grapes on Arrival at the Cellar 

Total gulfuroiig Free gulfuroua 
acid in milligrams acid in milligrams 



Sample 

per liter 

per liter 

1. 

Barrel of sulfited Burgers 

110 

45 

2. 

Jar number 1, Burger 

48 

16 

3. 

Jar number 2, Burger 

60 

20 

4. 

Jar number 3, Burger 

68 

32 

5. 

Jar number 4, Burger 

160 

64 


It was thought possible that the sprinkling of a little dilute potas- 
sium metabisulfite solution over the grapes in the boxes before ship- 
ment might protect them against mold growth, etc. Accordingly, 
about 150 c.c. of a 5 per cent solution of potassium metabisulfite was 
sprinkled throughout the bottom, center, and top of each of several 
boxes of Burger grapes and these were shipped with the untreated 
grapes. Contraiy to expectations, they arrived in about as poor con- 
dition as the untreated grapes. The cause for the ineffectiveness of 
the treatment probably was that the metabisulfite solution dried out 
rapidly during shipment and thus became of little use in checking 
mold growth. 

Discussion of Tables 19, 20, and 21 . — From the results of these 
tables it can be seen that the wild yeasts and molds increase enor- 
mously during shipment under the conditions of the above experi- 
ments, which represent a fair average of the present commercial 
methods of shipping. A moderate amoiint of sulfurous acid held the 
undesirable organisms in check so well that none of these could be 
found in one of the samples of treated grapes and only a few in the 
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other. The true wine yeasts were not entirely suppressed but actually 
increased in numbers, though fermentation had not started. 

This method could be applied commercially by crushing the grapes 
into wooden or iron tank cars at the vineyard and at the same time 
adding sulfur ous acid in the form of 6% sulfurous acid solution or 
potassium metabisulfite. For normal conditions and where it is desired 
to prevent all fermentation and growth of mold, etc., during shipping, 
it would be advisable to use from twelve to sixteen ounces of the 
metabisulfite or three-quarters to one gallon of a 6% sulfurous acid 
per ton of crushed grapes. If it should be desired to prevent only the 
growth of molds and wild yeasts, twelve ounces of the metabisulfite 
or three-quarters of a gallon of the sulfurous acid 6% solution per 
ton would be sufficient in all cases. If the grapes should undergo 
wine yeast fermentation no great harm would be done. In fact, one 
step further could be made and pure yeast as well as metabisulfite 
could be added, in this way making use of the cars as fermenters and 
insuring good fermentations. It is possible that too much tannin 
would be extracted in the shipment of white grapes by the crushing 
and sulfiting method, but if no fermentation should take place it is not 
likely that this would happen. 

After ArrivaTj at Cellar 

From the tests recorded in Part VII, it may he seen that the grapes 
as ordinarily received at the cellar have on their surfaces large num- 
bers of fermentation organisms, most of which are of no value in wine 
making, or are of no direct harm to the i)roduction of good wine. As 
the season progresses, the numbers of the true wine yeast may increase 
in dirty conveyors, in the boxes, etc. ; but this is an uncertain method 
because the kind and the numbers of the yeasts present are not under 
control. After heavy rains such as in 1912, the numbers of all yeasts 
on the grapes are diminislied by being washed off. Such grapes may 
undergo all manner of mold and wild yeast fermentations because of 
the lack of true wine yeast. This was actually the case in wineries in 
Sonoma County, California, in 1912. 

For these reasons, it becomes advisable to apply methods of wine 
making that discourage the growth of the undesirable types and favor 
the development of the true wine yeast. Experiments carried out in 
1911, 1913, and 1914 and fully discussed in Bulletin 230 and Circular 
140 of the California Agricultural Experiment Station demonstrated 
that the use of moderate amounts of sulfurous acid and the subse- 
quent application of selected pure yeast to the crushed grapes or 
defecated must gave uniformly good fermentations and sound wines. 
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SUMMARY OP PARTS II TO VIII 

1. Nineteen different organisms from California grapes have been 
studied and their properties described. The majority of these were 
found to be types that are harmful in wine making. The true wine 
yeasts were not of the best varieties. If the yeasts so far studied £lre 
to be taken as representative of California yeasts in general, wine 
makers should not rely on natural fermentations for the production 
of their wines. 

2. Grapes were gathered in vineyards at Davis, El Centro, Fresno, 
Kipon, and Martinez under conditions excluding, as far as could be, 
the possibility of outside contamination. The numbers and character 
of the micro-organisms present in a unit volume of the crushed grapes 
from each locality were determined. In all cases the undesirable 
organisms enormously outnumbered the true wine yeasts. Grapes 
from Tulare in 1906, Davis in 1912, and El Centro in 1912 contained 
no true wine yeasts, indicating that such yeasts are very rare in regions 
where wine making is not being carried on. 

3. On the surfaces Xf the green grapes examined were found mostly 
molds with very few or no yeasts of any kind. As the grapes ripened 
wild yeasts mad(‘ their appearance. The true wine yeasts were the 
last to appear, 

4. As the grapes stand in boxes after picking in the vineyard, or 
on cars during shipment to the winery, the organisms on their surfaces 
greatly increase. During this increase in numbers of cells the molds 
and wild yeasts still remain greatly in excess of the true wine yeasts. 

5. Grapes as received at two wineries in 1911 and 1912 under 
normal working conditions containinl large numbers of molds and wild 
yeast cells and in one case vinegar bacteria, but there were very few 
wdne yeasts {S. cllipsmdeiis) in all cases, compared to the numbers of 
other organisms present. 

6. The molds, wild yeasts, and bacteria may be eliminaled from 
the grapes during shipment by crushing the grapes at the vineyard 
and adding moderate amounts of sulfurous acid. The amounts of 
sulfurous acid necessary are far below the limits allowed by law in 
wine making countries and a great deal of this disappears during 
shipment and fermentation. 

7. After the grapes have arrived at the cellar, the. development of 
the undesirable types of fermentation organisms may be cheeked by 
the use of sulfurous acid and good fermentations assured by the use 
of pure selected yeast. 



PLATE 1 


Aj^tatus used in isolating micro-organisms from graces: Mason jar 
plugged with cotton and sterilized. Sterile petri dishes. Sterile 1 c.c. pipettes 
Sterile agar and sterile must in tubes. 






[CRUESS] PLATE 



I'LATE 2 


Colonies of yeasts 70, 71, ami 78, on agar agar anti gelatin. Upper row 
of plates agar agar; lower, gelatin. Heading from left to right eolonies repre- 
sent numbers 70, 71, and 78. 
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INTRODUCTION 

The cultivation of crops has been actually abandoned on hundreds 
of acres of some of the most fertile land of the stat(' and the produc- 
tivity of thousands of acres more is rapidly decreasing through the 
increase and spn^ad of wild morning-glory and Johnson grass. These 
weeds have defied practically all control measures so that their appro- 
priation of still more choice land remains unchecked. The mechanical 
control methods commonly used against these two weeds are hand- 
digging and clean culture for at least a year. The expense of either 
of these procedures is always great and sometimes there must be added 
the loss of the use of the land during the })rocess. The expense in- 
volved may equal or excised the value of the land, but the most serious 
aspect of the matter is that too often the efficiency of the hand-digging 
or clean culture operations may fall below^ a full hundred per cent, in 
which case the attempt usually results in a complete failure. Any 
measure short of complete eradication does not, as a rule, justify 
the expense. 

The two plants mentioned are undoubtedly foremost among the 
weed pests of the state, but all weeds exact a heavy tribute from the 
tiller of the soil. Other noxious weeds of great economic importance 
are: the so-called ‘"water-grass” of rice fields, Bermuda grass, wild 
mustard, wild radish, foxtail, and thistles. These and others have 
been found very difficult to control and under some conditions their 
incretvse and spread has been so rapid as to make the cultivation of 
the infested fields unprofitable. 


68 University of California Publications in Agricultural Sciences [Vol. 4 

Certain of our statutes declare noxious weeds to be a nuisance and 
empower the county horticultural commissioners to enforce the abate- 
ment of such nuisances. The enforcement of these laws, however, is 
very diificult and in certain sections has not been attempted on account 
of the magnitude of the undertaking, the expense involved, or the 
uncertainty of success of the known means commonly used toward 
eradication. 

These conditions constitute a very serious menace to the agriculture 
of the state and were fully discussed at a meeting of the county horti- 
cultural commissioners of California held at Stanford University, 
July 26, 1915. The use of chemicals was frequently mentioned as a 
possible solution of the weed problem, but the fact was brought out 
that very little information is available concerning their usefulness 
under California conditions. Following this meeting, Mr. William 
Wood, Los Angeles County Horticultural Commissioner, took up with 
the director of the agricultural experiment station at Berkeley the mat- 
ter of an investigation of methods of weed control by means of 
chemicals. It was suggested that a judicious use of chemicals might 
solve the problem of the control of those weeds which too often survive 
and increase in spite of expensive mechanical control measures. The 
suggested investigation was undertaken by the station in the fall of 
1915, and the writer was assigned to the work. 

A review of the literature discloses the fact that the use of chemicals 
has simplified to some extent the solution of the problem of weed 
control on both agricultural and non-agricultural land in localities 
other than California.* In one case at least, the use of chemicals for 
the destruction of weeds has become a common practice.® Some of 
the experiments have demonstrated the usefulness of chemicals for 
the destruction of weeds on a large scale. Methods which have proved 
efficient elsewhere may also prove to be efficient here. The soil and 
climatic conditioqs of California, however, are so different from those 
of regions where the chemical method has proved satisfactory, that it 
is by no means certain that this will be the case. A study of the 
literature gave encouragement that weed pests might be controlled 
under local conditions if the conditions were carefully studied and the 
treatment made accordingly. 

Herbicide experiments have been made by several of the railroad 
companies operating in the state. Probably the first of the county 
horticultural commissioners to experiment with chemicals for thq 


See references on page 97. 
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control of weeds was Mr. P. W. Waite of El Centro. Other commis- 
sioners who have tried this method are Mr. William Wood of Los 
Angeles, Mr. A. A. Brock of Ventura, and Mr. C. W. Beers of Santa 
Barbara. Very few data have been published upon the results of 
these experiments, but the writer has secured much valuable informa- 
tion and confirmatory evidence through correspondence with these 
experimenters and by occasional inspection of their results. In gen- 
eral, the results were encouraging, but sufficient progress had not been 
made to establish a definite mode of procedure. 


Investigations by the Insecticide and Fungicide Laboratory 

The following progress report describes the more important experi- 
ments which have been made during the investigation. A mass of 
data has been accumulated showing the effect of a number of sub- 
stances on plant life and on soils, some of which have been suffi- 
ciently conclusive to warrant the recommendation of control measures. 
Some of the experiments have opened up a very promising field for 
further investigation, while others have been largely negative in 
character. No attempt is made in this account of the experiments 
to make definite recommendations for control measures. The prac- 
tical application of the results is reserved for discussion in separate 
publications on special topics.* 
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* Circular 168 of this station, '^Spraymg for the control of the wild morning- 
glory within the fog belt,'' is now available for distribution and may be had 
upon application to the director. 
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Mr. F. E. Siillivan, Mr. Geo. T. Scott, and other officials of the 
Spreckels Sugar Company have shown a hearty spirit of cociperation 
and have made possible the accumulation of many valuable data by 
Mr. A. M. Hunt and Mr. H. K. Fox, to whom was assigned the execu- 
tion of the detail of the cooperative experiments in the Salinas Valley. 

SCOPE OF INVESTIGATIONS 

The wild morning-glory is undoubtedly the most difficult to con- 
trol of any of the weed pests of the state. It is widely distributed and 
is rapidly spreading. The known methods of control are probably 
the least satisfactory of those for any weed. The greatest need for 
investigation appeared to be the control of this pest. The principal 
part of the problem attacked, therefore, was the control of wild 
morning-glory upon agricultural land without injury to the soil. 


METHODS OF USING HEBBICTDES 

Chemicals have been used for the control of weeds in at least two 
ways in which the manner of action of the poison on the plant is 
fundamentally different. A well defined conception of this difference 
in principle is essential to the formulation of control measures. One 
or the other may be the more suitable procedure to adopt, depending 
on various conditions. The experiments hereafter reported include 
tests of these two methods, which, for the purpose of discussion will 
be referred to as: the ^‘root-absorption method,’' and the “leaf- 
nbsorption method.’’ 


TESTS OF HERBICIDES BY ROOT-ABSORPTION METHOD 

Arsenic, sodium cyanide, sulfuric acid, acid sludge, acid tar, salt, 
carbon bisulfide, copper sulfate, and iron sulfate were tested against 
wild morning-glory by the root-absorption method. These were ap- 
plied so that the soil in the vicinity of the roots of the weeds was 
more or less permeated with the herbicide. In this method the poisons 
used per square yard varied from one-half an ounce to three and one- 
half pounds in testing some materials. Experimental plots were 
located at Whittier, Centerville, and at Spreckels. 
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AT WHITTIER AND CENTERVILLE 

The first experiments were made at Whittier, September 10, 1915, 
but conclusions could not be drawn on account of the short duration 
of the observations. They did indicate, however, that sodium arsenite 
and sodium cyanide were worthy of a further trial against morning* 
glory and eJohnson grass, and that salt applied at the rate of 3i/^ 
pounds per square yard, under the conditions of the experiment, was 
of no value against the above weeds. 

Experiments were made later on the Lowrie Ranch at Centerville, 
designed principally to test the effect of the root absorption of four 
materials on morning-glory and the effect of these materials on the 
soil. 

Experimental Vlota , — The land assigned for the experimental plots 
was hivel, and uniformly and heavil}^ infested with wild morning- 
glory, the vines fonning a dense mat, in most places, four or five inches 
thick. The soil was visilde in a fi^w spots only. No other vegetation 
was growing on the land at the time of the treatment. A crop of 
garlic had been grown ])r(*viously on the land and harvested in May 
or June, 1915. 

The land was mark(Hl off into rows 1 yard wide and 10 yards long, 
each row b(*ing divided into ten plots of a square yard each. The rows 
were letter(‘d A, Ih C, etc., and the plots of each row numbered 1 to 10, 
inclusive. 

('heniicals Tested . — On October 9, 1915, diffc^rent treatments were 
made on 93 plots. The four materials tested were: 

1. Arsenic in the form of s(Klium arsenite: a stock solution was 
prepared by dissolving arsenic trioxide in sodium hydroxide and water 
in such proi)ortions tliat each gallon contained tin' equivalent of 4 
pounds of arsenic trioxide.* 

2. Sodium cyanide : a stock solution was prepared by dissolving 
the solid in water and diluting so that each gallon contained 2 pounds 
of sodium cyanide. 

3. Sulfuric acid (commercial 66 ' Baume) : a powerful corrosive to 
vegetable tissue. 


* The stock solution formula is: 

White arsenic (arsenic trioxi<le 99%) 20 pounds 

Granulated caustic soda (98%) 10 pounds 

Water, to make 5 gallons 


Detailed directions for the preparation of the above stock solution are given 
in Circular 168 of this station. Spraying for the control of wild morning- 
glory within the fog belt. 
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4. Acid sludge : until recently a waste product in the refining of 
petroleum distillates with sulfuric acid. Previous unpublished experi- 
ments of Mr. E. R. de Ong and the writer to study the action of 
petroleum oils on citrus and other foliage had indicated that the con- 
stituents of petroleum distillates which are capable of being removed 
by refining with sulfuric acid are much more toxic to foliage than other 
constituents. It was thought that acid sludge, therefore, containing 
these highly toxic constituents of petroleum as well as an excess of 
sulfuric acid, might prove to be an efficient and economical herbicide. 

Manner of Application . — For each treatment a quantity of the 
stock solution or liquid was measured out and diluted to a volume of 
either one or two gallons. All of the diluted solution was then uni- 
formly distributed over one of the square-j’^ard plots by means of an 
ordinary garden sprinkling pot. It was found by preliminary trial 
that a gallon of water applied to a square-yard area of the soil would 
thoroughly soalc the ground for about an inch below the surface. This 
quantity was therefore applied to some of the plots; on others the 
amount of liquid was doubled in order to ascertain whether or not the 
greater amount of liquid would result in permeating the soil with the 
poisons to a greater depth than the smaller amounts. It w^as thought 
that the vines might affect the absorption of the poisons, so the vines 
were removed from some of the plots before applying the solutions. 

Table 1 illustrates in detail the treatment given the individual 
plots. 


AT SPRECKKLS 

• Cooperative experiments with the Spreckels Sugar Company were 
started in March, 1916, on its ranches in the Salinas Valley. 

The materials tested on morning-glory were : iron sulfate, copper 
sulfate, acid sludge,* acid tar* (derived from acid sludge), sulfuric 
acid, carbon bisulfide, and '‘Nbnparier' (a commercial herbicide, con- 
sisting principally of carbon bisulfide). 

Application of the materials was made on square-yard plots in the 
same manner as in the Centerville experiments with the exception of 
the carbon bisulfide and Nonpariel. These were applied by making 
holes on the plots at intervals with an iron rod and pouring into the 
holes a quantity of the material and immediately filling the holes with 
earth. 


^Furnished by courtesy of the Union Oil Company of California, 



Two gallons of solution applied 
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Treatments on 93 Square-yard Plots at Centerville, October 9 , 1915 . 



74 


. University of California Publications in Agricultural Sciences fTol* 4 


Conclusions Conckrning Root- Absorption Method 

Inasmuch as the root-absorption method gave little promise of offer- 
ing a solution of the morning-glory problem, space will not be taken 
for a detailed report of the results. Table 2 will be of interest in 
showing the cost of the more effective materials tested. Costs shown in 
this table and elsewhere in this report are calculated from the retail 
prices prevailing at the time of the treatments.* The cost of solids 
(arsenic trioxide and sodium cyanide) is given in ounces avoidupois; 
the cost of liquids (sulfuric acid and carbon bisulfide) is given in 
fluid ounces, using the figure 1 .8 as the specific gi’avity of co]nmercial 
sulfuric acid, and 1.27 as tliat of carbon bisulfide. 

TABLE 2 


Cost of IMore Effective Materials Tested ly Root- Absorption Method 


Cost per ounce as applied, approximate ... 

Arsenic 

tnoxidc 

$0,008 

K<»dium 

cyanide 

$0,020 

If line 
ticid 

$0.0025 

Carbon 

bisulfide 

$0,000 

Least amount per square yard giving 
any ]u*omise of control of morning- 
glorv, ounces 


.> 

$o.(A) 

20 

10 

Cost per s<piaro yard 

$0,024 

$0.05 

$0.06 

Cost per acre 

117.90 

290.40 

242.00 

005.50 

Least amount per square yard prevent- 
ing the growth of practically all vege- 
tation except morning glory for 14 
months on undisturbed soil, ounces. .. 

J 

12 

24 

8oil not 
injured 
by this 
material 

Cost ])cr square var«l 

$0,008 

$0.24 

$0.06 


Cost per acre 

;i9..io 

1,100.00 

290.40 



C^ost of tlic materials in table 2 aro <*alfMilato<l from tlio following prices: 
Arsenic trioxide, @ 8c per lb.; sodium cyanide, (To .‘>2c per lb.; carbon bisulfide, 
@9()c per gal.; caustic soda, 10c per lb.; sulfuric acid, (rf 2c per lb. 


No data are available on the cost of acid sludge and acid tar. Until 
their j'ecent use in the flotation proiicss for the concentration of certain 
low grade ores, they were both waste products in refining petroleum 
distillates and had very little commercial value. 

Nonpariel sells at about the same rate as carbon bisulfide or 
cheaper. 

No sweeping conclusions are justified from the results of the experi- 
ments. Whether or not the results would be duplicated on other soils, 
or under different climatic conditions, or if the chemical were applied 
at other seasons of the year as yet can not be predicated. 

* These prices arc* above normal. Hince the preparation of the manuscript, 
the j»rice of arsenic has advanced to 2a cents per pound. Other materials are 
also higher and some are difficult to obtain at any price. The present unsettled 
condition of the market does not warrant a revision of prices. 
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CONTEOL OF WILD MORNING-GLORY 
None of the root-absorption experiments seemed to i)oint the way 
for the control of wild morning-glory on agricultural land at a reason- 
able expense and without serious injury to the soil. In the experiments, 
and in all cases that have come to the attention of the writ('r, where 
a chemical has been used by this method, the cost would prohibit its 
use as a control measure, except on small areas; if eradication has not 
beem accomplished, the results have not justified the means. Further- 
more, it w^as found that in using a non-volatile herbicide (such as salt, 
arsenic, sodium cyanide, sulfuric acid, etc.), if the soil is sufficiently 



Fig. 1. — The effect of arsenic on the soil when apj)lie(l by the root-abaorj)tioii 
method (see table 1). 

“Incidental to the main object of the experiments, . . . data . . . show the 
superiority of arsenic as a soil sterilizer. ^ ^ 

permeated with the chemical to destroy the roots of the wild )uorniiig- 
glory, it is rendered unfit for the growing of crops for many months.* 
Carbon bisulfide, on the other hand, is a volatile herbicide and appears 
to produce no injurious effects on the soil. It is also (juite effective 
against morning-glory, but the expense of application and the cost of 
material are both high. 


SOIL STERILIZATION 

Incidental to the main object of the experiments, the control of wild 
morning-glory on agricultural land, data have been obtained which 
show the superiority of arsenic as a soil sterilizer (compare figures 
1, 2, and 3). While arsenic has apparently failed to actually eradicate 

^ See further discussions of the effects of arsenic on the soil on pages 90-91. 


76 


University of California Publications in Agricultural Sciences [Vol. 4 


the wild morning-glory, using as high as a pound to the square yard, 
it can be used as a soil sterilizer in respect to a great variety of weeds. 
All of the Centerville plots to which an ounce or more of arsenic tri- 
oxide had been applied per square yard were barren of all vegetation, 
except morning-glory, for fourteen months (fig. 1), notwithstanding 
the leaching by the rains of two winters. The minimum cost of mate- 
rials for the production of this result was less than one cent per square 
yard or about forty dollars per acre.* This would not be prohibitive 
for the prevention of we(d growth on gravelled walks, tennis courts, 



Fig. 2. — The effect of sodium cyanide on the soil when applied by the root- 
absorption method (see table 1). 

On all plots receiving six ounces or less of sodium cyanide the final growth 
of miscellaneous weeds was fully equal to that on the checks. The smaller 
amounts appeared to stimulate the growth. 

roadways, fencerows, or in other places where soil sterilization is 
desired. 

One significant fact in connection with soil sterilization is that any 
amount of arsenic in excess of one ounce per square yard appears to 
have been a waste of material unless future observations will show that 
larger amounts will have a more lasting effect. 

The experiments have furnished a basis for further experiments in 
the problem of weed control on railroad right-of-ways. This matter 
has already received considerable attention by a number of railroads, 
but the danger of poisoning live stock has had a restraining influence 


See footnote on page 74. 



1919] 


Gray: Testa of Chemical Means for the Control of Weeds 


77 


on the use of arsenic for weed control in this connection. The sug- 
gestion to add some substance to the herbicide as a repellant to stock 
has been given attention, but sufficient progress has not yet been made 
to warrant publication. 


TESTS OF HERBICIDES BY LEAF-ABSORPTION METHOD 

The preceding experiments are in sharp contrast to those reported 
below. In the former, an attempt was made to poison the soil in the 



Fig. H. — The effect of sulfuric acid on the soil when applieil by the root- 
absorption method (see table I). 


vicinity of the root system ; in the latter, the poisons were not applied 
to the soil, but were sprayed on the foliage of the weeds. For the pur- 
pose of discussion, the latter method will be referred to as the ''leaf- 
absorption method.’’ The amount of poison required in this method 
is very small so that even though a very poisonous substance is used, 
the quantity will be so evently distributed over the area treated that 
the probability of injury to the soil is reduced to the minimum. It 
has been demonstrated that wild mustard, wild radish, and other 
annual weeds can be economically controlled in the grain fields of the 
middle west by spraying wdth a solution of iron sulfate or of copper 
sulfate.^’ ^ A dilute spray of sodium arsenite is extensively emploj^ed 
in the Hawaiian Islands for the control of weeds on sugar, rubber, and 
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pineapple plantations.*’ Experiments have shown that certain oil 
sprays are effective for the control of wild onion and wild^^garlic in 
Indiana and Ohio.^’ Experiments in Anstraliu, have proved the effec- 
tiveness of an arsenical spray for the destruction of cacti. In the 
literature just cited, the leaf-absorption method has been demonstrated 
to be effective for the control of Aveeds on a large scale. So far as 
known, however, this method has not been tried against the wild 
morning-glory, a persistent and deep-rooted perennial (figs. 4 and 5). 
Bioletti® reports finding roots of this weed well supi)lied with starch 



Fig. 4. — A remarkably heavy iufcstation of wild morning-glory covering 
about two acres in the center of a beet field. 

The stand of vines was well above one^s knees. 

and capable of producing new shoots at a depth of fourteen feet, the 
smallest piece of which is capable of growing and originating a new 
plant. 


PEELIMINARY EXPERIMENT AT CENTERVILLE 

Following the tests of the root-absorption method at Centerville, a 
test was made at the same place of the leaf -absorption method so much 
in use in Hawaii.® 

Experimental Plot , — The plot selected for the experiment was 
immediately adjoining the plots used for the root-absorption experi- 
ments, and consisted of 51^ square yards, quite uniformly and heavily 
infested with morning-glory, the vines forming a dense mat four or 
five inches thick in most places. No other vegetation was growing on 
the plot at the time of treatment. A crop of garlic had been grown 
on the land and harvested in May or June, 191*5. The plot Was 
designated as Spray Plot 1. 
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Chermcal Tested , — A dilute arsenical solution was prepared by 
mixing 4 fluid ounces of the arsenic stock solution (p. 71) with 3 gal- 
lons of water. This made a solution roughly equivalent to a dilution 
of the stock solution 1 :100, or 4 pounds of arsenic trioxide per 100 
gallons. The three gallons contained the equivalent of 2 ounces of 
arsenic trioxide. 



Manner of The solution was applied November 5, 

1915, to the morning-glory vines on the plot by means of a bucket 
spray pump. Just enough of the spray was used to moisten the leaves 
and stems of the vines only, no atttiiition being given to the few bare 
spots where the soil was visible. The 3 gallons of solution was found 
sufficient for the purpose, the whole plot of 511/2 sciuare yards thus 
receiving only 2 ounces of arsenic trioxide. 
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Results , — One week after the application of the spray the morning- 
glory vines were found completely killed to the ground, but the roots 
appeared to be normal. A similar observation was made a week later. 
Three weeks after spraying, however, the effects observed on the roots 
of the morning-glory vines were remarkable. The usual new growth 
of sprouts from the roots after the destruction of the vines had not 
occurred. The roots were moldy and disintegrating to a depth of 
several feet below the surface. Forty-five days after spraying, only 
nine plants had produced any new growth above ground on the whole 
plot, while it was estimated that fully six hundred plants were above 
the surface on an equal area of the adjoining field which had been 
recently gone over with the weed knife. The usual winter growth of 
wild grasses and other weeds was well started in the vicinity, the 
growth of which on the sprayed plot was fully equal to that on the 
adjoining plot. 

Comments . — This experiment indicated that the leaf -absorption 
method for the control of morning-glory on agricultural land has 
great possibilities. The cost of materials did not exceed $1.»50 per 
acre,* the poison having been applied at the rate of 12 pounds per 
acre ; the remedy was applied as a spray, which is probably the most 
economical manner of application; the apparent control of the weed 
at a comparatively trifling expense was almost equal to the best results 
obtained in any of the root-absorption method experiments; and no 
ill effects to the soil were observed. The possible utility of this method 
was also noted for the control of miscellaneous weeds upon non-agri- 
cultural land where cultivation is difficult or impossible. 

In view of the results obtained in the first test of the leaf-absorp- 
tion experiment it seemed desirable to make as thorough a study as 
possible of this method and to secure sufficient land for the purpose 
with reasonable assurance that the experiments would not be molested. 

PRELIMINARY EXPERIMENTS AT DAVIS 

A series of experiments at the University Farm at Davis was out- 
lined and work started before the occurrence of the winter frosts 
of 1915. 

Experimental Plots . — Most of the land assigned for the experi- 
ments was well infested with morning-glory. It had been used in the 
summer of 1915 for a crop of vegetables. No plants other than morn- 
ing-glory were growing on the plots when the experiments were begun. 

The land to be used for our tests was divided into thirty plota 


See footnote on page 74. 
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of one-fortieth of an acre each. The experiments were outlined, prin- 
cipally, to determine the most suitable of three forms of soluble arsenic 
and the time of the year to obtain the best absorption of these mate- 
rials through the aerial parts of the weeds. 

Chemicals Tested and Manner of Application. — On December 23, 
1915, one of the plots was treated in exactly the same manner as 
described in the preliminary experiments at Centerville. A dilute 
arsenical solution was prepared by mixing 9V:{ fluid ounces of the 
arsenic stock solution described on page 71 with 7 gallons of water. 
Another plot was sprayed the same day with a solution of the same 
concentration of arsenic but made up with half the quantity of caustic 
soda. A third was sprayed the following day with a solution of 
arsenic acid containing the same amount of actual arsenic as the two 
previously described sprays. 

Results Complicated the Prohlem. — Repeated observations subse- 
quent to the application of these sprays at Davis failed to disclose 
any injury to the roots of the morning-glory vines on any of the 
plots. The striking results of the Centerville experiment and the 
failui'e of similar treatments two months later at Davis clearly sug- 
gested the importance of making a study of all conditions which might 
affect the results. It was thought that the climate, the season of the 
year, the weather at or near the time of application, the condition of 
the plants, the ty})e and condition of the soil, individually or collec- 
tively, and possibly others, might be factors influencing the results 
to a greater or less extent. 


PLAN OF EXPERIMENTS IN 1916 

The problem at once became so complicated that it seemed wise 
to limit the future experiments to a study of the leaf-absorption 
method, and to pay most attention to making a thorough test of the 
arsenical spray treatment under as many conditions as possible. The 
winter rains and the killing of the morning-glory vines by the frost 
prevented any further experiments until March, 1916, at which 
time new ones were started. 

Comprehensive series of experiments were carried on during the 
growing season of 1916 and until the vines were killed by the frosts. 
The killing frosts of 1916 occurred earlier than those of 1915 so that 
the experiments had to be discontinued at an earlier date. The Center- 
ville and Davis experiments were continued and cooperative experi- 
ments in the Salinas Valley in cooperation with the Spreckels Sugar 
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Company were also started, as well as a series of experiments at 
Berkeley. 

Experimental plots were thus located on different types of soil 
in different localities, upon soil of the same type but differing in 
drainage conditions, and upon both lightly and heavily infested plots. 
The weather conditions at the various experimental plots were differ- 
ent. The climate at Davis is semiarid, while the remainder of the 
plots were within the fog belt, although differing somewhat in dis- 
tance from the coast. The details of all the experiments of 1916 will 
not be described in full in this progress report but only such observa- 
tions as seem to be the most significant. 

FURTHER EXPERIMENTS AT CENTERVILLE 

The experiments at Centerville were continued on more infested 
land adjoining the plots previously used. 

Oitilm of Experiments and Subdivision of Vlots.— hi order to 
make observations on the results to be obtained by repeated sprayings 
at different intervals. Spray Plot 1 was divided into two parts, A and B. 
Spray Plot lA was further divided into five Small plots ( 1 by 5 
yards) which were lettered a, b, c, d, and e; certain ones to be re- 
sprayed at irregular intervals, depending upon the growth of weeds. 

Spray Plot IB to be resprayed once in the fall of 1916. 

Convenient sized plots (2 by 10 yards) were staked out adjoinii^ 
Spray Plot 1 , to be sprayed at different times of the year. 

The manner of subdivision and the dates on which the sprays were 
applied are indicated in tables 3 and 4. 
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TABLE 3 

Spray Plots 1A and 3B, Showing Dates of Spraying 



Sprayed 

11/5/15 

10/14/16 


i 

1 

i 

1 Sprayed 

1 10/14/16 

1 

1 

1 

1 

1 

1 

1 




1 

'"'x 

a 

b 

c 

d 

0 

Sprayed 

Sprayed 

Sprayed 

Sprayed 

Sprayed 

11/5/15 

11/5/15 

11/5/15 

11/5/15 

11/5/15 

3/11/16 

3/11/16 

3/11/16 

3/11/16 


5/6/16 

5/5/16 

5/5/16 



6/16/16 

6/16/16 




7/16/16 

7/15/16 




8/15/16 

10/14/16 

10/14/16 

10/14/16 

10/14/16 

10/14/16 



■ - 1 A 1 











84 


University of California Publications in Agricultural Sciences [Vol. 4 


TABLE 4 

Speay Plots 2 to 7 

South of and Adjoining Speay Plot 1. Plots 2 by 10 Yaeds Checks 



1 BY 10 Yaeds. 

Showing Dates of Sprayings 

B 

Check 

Sprayed 10/14/16 

S 

Spray Plot 2 

Sprayed 3/11/16 and 10/14/16 

T 



TJ 

Spray Plot 3 

Sprayed 6/16/16 and 10/14/16 

V 


- 

W 

Check 

Sprayed 10/14/16 

X 

Spray Plot 4 

Sprayed 7/15/16 and 10/14/16 

Y 



Z 

Spray Plot 5 

Sprayed 8/15/16 and 10/14/16 


Check 

Sprayed 10/14/16 


Spray Plot 6 

Sprayed 9/16/16 and 11/11/16 


Spray Plot 7 

Sprayed 10/14/16 


Check 

Sprayed 11/11/16 


Garlic 
field 
in 1915 


Tomato 
field 
in 1916 
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Ch&micolfS tested o/nd JJdcttincT of A-ppUccttion . — The sprays were 
all made up and applied in the maimer described in the preliminary 
experiment at Centerville. Four fluid ounces of the arsenic stock solu- 
tion (p. 71) were mixed with 3 gallons of water. The solutions were 
applied by means of a pressure sprayer, using just enough to moisten 
the foliage of the weeds. The quantity required for the purpose was 



Fig. 6. — Typical root systems of morning-glory plants at Centerville, de- 
stroyed by an arsenical spray applied to the aerial parts only. 

Spray applied September 16, 1916; roots dug, October 14, 1916. Eoot 1 was 
dissected out to a distance of 4 feet, 2 inches below the surface and was one- 
half inch in diameter at D. 

roughly equivalent to 300 gallons per aero, containing sodium arsenite 
equivalent to 12 pounds of arsenic trioxide, and 6 pounds of sodium 
hydroxide. The cost of materials for the 300 gallons of spray was 
estimated to be $1.50 at retail price prevailing at the time of treat- 
ment.* 


^ See footnote on page 74. 
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Results . — Each spraying entirely killed the vines of the morning- 
glory to the surface of the ground, as well as most of the broad-leafed 
plants. The grasses were much less affected. The roots of the morn- 
ing-glory were not materially injured by any spray applied between 
March and August, 1916, but the spray applied August 15, 1916, 
caused marked injury to the roots of the morning-glory. The usual 
growth of new sprouts was markedly less than usual, only 18 having 
reached the surface within one month after spraying. Even these 
seemed to be lacking in vitality. Many roots were apparently dead 
from 11/^ to 2 feet below the surface of the ground. 

The effect of the spray applied September 16, 1916, was still more 
encouraging. One month after the application of the spray, a hole 



Fig. 7. — Showing the injiiro<l ('ondition of the interior of a Heetion of the 
lower end of root J, figure 6, four feet below the surface. 


was (lug on the plot to a depHi of five feet. Working laterally from 
this liolo, largely by means of trowel and geology pick, the soil was 
removed from .some twenty-five roots (see fig. 6). Only one of these 
roots app(*ared to be normal. Tho rest were shrivelled, moldy, and 
disintegrated from tlie base of the vine stems to two or three feet 
below the surface, the reinainder still being plump. On exposing the 
interior of these plump lower sections of the roots, the cambium was 
found to be turn(‘d to a chocolate brown color and a very pronounced 
^*sour'’ odor was given off. P^igure 7 will give an idea of the appear- 
ance of the int<u*ior of a section taken from the lower end of root 1, 
figure 6, four feet below the surface. 

October Sprayings Most Effective . — All plots previously sprayed 
(with the exception of Spray Plot 6) were sprayed again October 14, 
1916, and the check plots between were also sprayed in order to make 
observations on the efficiency of two sprayings at different intervals 
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and to make the attempt to disinfest all the experimental plots. The 
October spraying appeared to be more effective than any previous 
one. 

On November 11, 1916, a count v^as made of the morning-glory 
plants producing new vines on the various plots and their condition 
was noted with the results shown in table 5. 

TABLE 5 

Observations on C-entkrville Plots 

Observations, Nov. 11, 1916 


Spray plot 

Number of 

(’ondition of 

No 

When sprayed 

MIWS 

vines 

1 

Plot IB Nov., 191.5, Oct, 1916 

27 

Sickly 


Plot lA (see map, p. S.'i). 



Check 

October, 1916 

0 


2 

March and October, 1910 

s 

Sickly 


June and October, 1916 

10 

Sickly 

Check 

October, 1910 



Sickly 

4 

July and October, 1910 

5 

Sickly 

;■) 

August and Octo])er, 1910 

40 

Vigorous 

Clieck 

October, 1910 

0 


fi 

September only, 1910 

34 

Sickly 

7 

October only, 1910 

5 

Sickly 


TOTAL 

132 


Total area included in the above 

COlDit 

200 sq.yds. 

Estimated number of plants on this 

area before treatnuMit .. . 

2,400 

Total numb(*r of plants producing new vines on this area after 



treatment 


132 


Numbered ^dots, 2 by 10 yards; cheeks, I by 10 yards. 


KfisuME OF Leaf-Absorption Experiments 

The experiments at Davis were continued during 1916 until the 
vines were killed by the frost early in November. The three arsenical 
sprays (p. 81) were applied to additional plots in tlie months of 
March, May, June, July, August, September, and October. None of 
the sprayings produced very satisfactory results. A comparison of 
the efficiency of the three forms of arsenic is, therefore, impossible. 
In some of the experiments the arsenic acid spray seemed to be more 
severe in its action than others. 

The Spreckles Sugar Company has provided for the full time of one 
man since March, 1916, for cooperative experiments on their ranches 
in the Salinas Valley. Arsenical sprays of different concentrations 
were applied to morning-glory every month of the year from March 
to December. The problem of the control of miscellaneous weeds 
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along their extensive irrigation system and along roadways was also 
attacked. Arsenic was given the most extensive trial, and, in addition, 
sodium cyanide, iron sulfate, copper sulfate, acid sludge, and acid 
tar were tested. 

A number of experiments were also made at Berkeley, testing the 
arsenical spray on morning-glory. 

Bach set of experiments has contributed materially in throwing 
light on the problem of the control of weeds by means of chemicals. 
The results of the above experiments are summarized under the various 
headings below. 


PETROLEUM PRODUCTS AS HERBICIDES 

While arsenic was found to be not only the most potent of the 
plant poisons thus far tested, but also the cheapest, there are certain 
dangers attending its use which must not be overlooked. This fact 
has led the writer to make a search for an herbicide which is less 
poisonous to man and animals, and yet not prohibitive in price. The 
experiments in this direction were rather limited but were sufficiently 
encouraging to warrant further investigation. 

A spray composed of equal parts of acid sludge (p. 72) and water, 
applied to wild morning-glory vines in October, 1916, appeared to be 
as eflFective as arsenic in destroying the weed. Acid tar( a derivative 
of acid sludge containing less free acid) gave encouraging results 
on morning-glory. 

The above materials applied as a spray, either pure or diluted, 
were especially etfective on grasses. A spray of acid tar applied to 
a plot of succulent grass (principally foxtail and wild oats) caused 
withering and browning of the leaves within half an hour after appli- 
cation; within twenty-four hours the grass readily took fire from a 
lighted match and burned. 

Petroleum-distillate sprays were tested on miscellaneous weeds. 
The results indicated that certain of these distillates were more effec- 
tive in destroying grasses than sodium arsenite, while sodium arsenite 
was generally more eflFective on the broad-leafed plants than the distil- 
lates. The cheaper grades of distillates were more eflFective than re- 
fined distillates such as kerosene and similar products. Petroleum 
products containing a large percentage of aromatic and ‘‘cracked^* 
oils were more eflFective than those containing a lesser percentage. 
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AESENIC ON MISCELLANEOUS ANNUAL WEEDS 

The growth of many annual weeds was easily killed to the ground 
by spraying with a dilute arsenical spray. The roots were not always 
destroyed and would often produce a new growth. 

Annual weeds of more tender foliage w^ere destroyed with a spray 
containing the equivalent of four pounds of arsenic trioxide per hun- 
dred gallons. The grasses were more resistant to arsenic than most 
other weeds. These and weeds of more hardy foliage seemed to re- 
quire a more concentrated spray than the above. Sprays containing 
the equivalent of eight to twenty pounds of arsenic trioxide per hun- 



Pig. 8. — The effect of arsenic on the soil when applied by the leaf absorp- 
tion method (see table .‘1). 

Spray Plot lA had been sprayed twice, November 5, 1915, and March 11, 1916; 
and Spray Plot IB had been sprayed once, November 5, 1915, when the photo 
was taken, April 28, 1916. The growth of miscellaneous weeds on the plots after 
treatment has been used throughout the experiments as an indication of the 
effect of the treatments on the soil. 

dred gallons have usually given satisfactory results in the control 
of the more resistant annual weeds. The optimum concentration was 
not determined, but it appears that it will have to be varied according 
to the nature of the weeds. 

The arsenical-spray method has been shown to be suitable for the 
control of miscellaneous annual weeds growing along irrigation ditches, 
feneerows, and other places where cultivation is difficult or impossible 
and for the prevention of the maturing of seeds of perennial noxious 
weeds on uncultivated land. 
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Sqap as a Spreader , — The addition of three or four pounds of soap 
(first dissolved in hot water) to each hundred gallons greatly increased 
the effectiveness of the arsenical sprays. This addition was found 
to be especially desirable when the sprays were used against the 
grasses or other waxy-coated foliage upon which the spray had a 
tendency to collect in drops. 

ARSEN rc ON WILD MORNING-GLORY 

Effect on the Soil , — The germination and growth of the natural 
weed seeds on tlie plots after treatment has been used throughout 



Fig. 9. — The effect of arsenic on the soil when applied by the leaf absorption 
method (see table 3). 

A closer view of Spray Plot IB. The luxuriant growth of weeds subsequent 
to sju’aying is good evidence of the non-injurious effect of arsenic on the soil 
when apjdied by the leaf absorption method. 


the experiments as an indication of the effect of the treatments on the 
soil. The luxuriant growth of weeds shown in figures 8 and 9 is 
good evidence of the non-injurious effect of arsenic on the soil when 
applied by the leaf-absorption method. While arsenic has been shown 
to be very toxic to the soil when applied in large quantities, as in the 
root-absorption method, the amount required by the leaf-absorption 
method is so small that no ill effects to the soil could be detected. 
Even six successive applications of the spray ‘failed to reveal any 
indication of deleterious effects. 
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A study of the effect of arsenic on the soil organisms that produce 
nitric nitrogen has been made by Professor W. F. Gericke, of the 
Division of Soil Chemistry and Bacteriology of this station. So far 
as this important function of soil fertility is concerned, this study has 
shown that an amount of arsenic equivalent to one hundred successive 
api)li(iations of the spray, as applied to the Oent(»rville plots, i)rodiiced 
no toxic effect on the nitrifying bacteria. It is evident, however, that 
the functions of the soil are interfered with when large (piantities 
of arsenic are ap[)lied. In the root-absor])tion (experiments, the aboA’^e 
amount of arsenic riuidered the soil barren of all vegetation, except 
morning-glory, for many months. 

The Avriter is indebted to Professor Gericke for the folloAving con- 
tribution concerning the effc^et of arsenic on the flora of the soil : 

TABLE r> 

Nitrific vnox of Soil from C-entervillf 
Treated with sodium arsenite to kill weeds 


b}< borntory 
number 

Plot 

number* 

Popth of 
in iiK’bcs 

As aOt applied 
to plots in 
the foi m of 
sodimn nrsonilc 
oz, jH»r sq yd 

Mtf. of inti io 
nitropen per 

100 pms soil 
Piipliratos 
(1) (2) 

Xverasro of 
il(‘f prmination.s 

1 

A-1 

0- e 

16 

2.d 

4.0 

d 16 

o 

A-1 

12-24 

16 

20.0 

no 

17.00 


A :i 

0-f) 

8 

1 S.O 

IS.O 

18 00 

4 

Ad 

12 24 

8 

10.4 

12.0 

11.20 

»*) 

A-7 

0-6 

4 

24.S 

24.0 

24.40 

(i 

A 7 

12 24 

4 

26 0 

26.8 

26.10 

7 

A- 10 

O-C 

1 

24.8 

26.0 

25.40 

s 

A- 10 

12-24 

1 

24 0 

20.0 

22.00 

9 

K 2 

0- (J 

0 

20.0 

20.0 

20.00 

10 

E-2 

12-24 

0 

22.0 

20.0 

21.00 


* Sro table 1, page TS. 

The data in talile () show that the sodium arson ite applied at the rate of the 
equivalent of 8 onnees, or more, of arsenic trioxide })er square yard was toxic 
to the soil organism that produced nitrification. Toxic ojffects were note<l in 
both surface an<l subsoil in these larger applications. On the plots in which 
the sodium-arsenite application was (equivalent to 4 onnees or less of arsenic 
trioxide per square yard, no toxic efl'ect was noted; on the contrary, the results 
indicate stimulation of the soil organism that produce nitric nitrogen. The 
results are in accord with the data published by Greaves’* who reported 
stimulating effects to ammonification and nitrification in soil to which small 
amounts of certain arsenic compounds' were added. 

Concentration of Spray, — Diffc^rent conccntnitions of arsenical 
sprays were tried at Spreckels, varying from the equivalent of four 
ounces to sixteen pounds of arsenic trioxide per hundred gallons. 
The concentration of arsenic used throughout the CenterAulle experi- 
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merits (four pounds of arsenic trioxide per hundred gallons) appeared 
to be as effective for the control of morning-glory as any other tested* 
Much lower concentrations were ineffective. Higher concentrations 
appeared to produce no better results and possibly not as good. The 
stronger sprays in some instances appeared to collapse the tissues of 
the vines and stop the circulation of the sap before the poison had its 
full effect upon the roots. 

Repeated Applications of Small Doses . — Repeated small doses of 
arsenic were sprayed upon morning-glory vines at intervals of one 
day, four days, and longer, depending upon the growth of the new 
vines. These experiments were tried in the spring of 1916 to ascertain 
if the effects of arsenic applied in small doses would be cumulative. 
None of these treatments* however, appeared to injure the roots in 
any way, although the experiments were continued well into the 
summer months. 

Absorbing Surface . — The observation has been made many times 
that the roots of morning-glory plants without a good vine develoy)- 
ment (that is, with only a small absorbing surface) were not severely 
injured by the application of a poisonous spray to the vines ; and that 
parts of the plants beneath the surface at the time of spraying would 
make a normal growth of vines subsequently, if not connected with a 
part which did have a good growth of vines. This observation con- 
tributes important evidence not only of the absorption of poisons 
through the aerial parts of wild morning-glory, but also of the non- 
injurious effect of the arsenical spray on the soil. 

The broad-leafed weeds were generally more affected by arsenical 
sprays than the grasses. The effect of arsenic upon foliage (especially 
on grasses and other waxy-coated foliage) was more severe if soap 
was added to the spray to act as a spreader. 

The Time of the Year . — The arsenical sprays, excepting a few very 
dilute ones, completely killed the vines of the wild morning-glory at 
whatever time of the year they were applied. 

The earliest time at which any of these sprays were at all injurious 
to the roots was in May, at Davis, where the weed matured earlier than 
on any of the other experimental plots. At this time many of the 
plants were in the green seed-pod stage. All sprayings at Davis from 
May to October produced at least slight injury to the roots, appar- 
ently depending on weather condition, but none of them was con- 
sidered a satisfactory control. 

The spring and early summer sprayings on all of the other experi- 
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mental plots produced little or no injury to the roots of the weed, 
while the late summer and fall sprayings produced marked injury to 
the roots of mature vines. The amount of injury apparently increased 
as the season advanced. The most satisfactory results in 1915 were 
obtained in November; in 1916, in October. 

The establishment of this point, however, was not a solution of the 
problem, as will be shown by later discussion. 

Maturity of Plants . — Observations which appear to have an impor- 
tant bearing on the problem are as follows : 



Fig. 10. — The maturity of the plant influenees the results. 


The roots of some of the morning-glory plants at Centerville were 
slightly injured by an arsenical si>ray applied June, 1916, and by one 
applied a month later. The roots of those plants which were in seed 
or late blossom at the time of spraying appeared to have been most 
severely injured. The same observation has been made repeatedly 
during the progress of the other experiments. 

A spray was applied to mature morning-glory plants at Berkeley 
in September. The roots of these plants were completely destroyed by 
the spray. A spray applied to another plot, however, under prac- 
tically the same conditions, failed to injure the roots. It was observed 
that in the latter (jase the vines were actively growing at the time of 
treatment, since they had been cut about four weeks previously with a 
weed knife. One plant, however, was found the roots of which were 
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moldy and disintegrated as far as dissected out. This vine apparently 
had been missed by the weed knife and was much older than the other 
vines. It had a number of green seed-pods attached, while the other 
vines had not yet blossomed. The two disintegrated roots shown at 
the left of figure 10 were taken from the plant mentioned above as 
being in seed at the time of spraying ; the two uninjured roots at the 
right of the figure from which normal new sprouts had originated were 
taken from another plant only eight inches from the first. So far 



Fig. n.— Tyjucal Tuorning-glory root system from the experimental plots 
on the eampua at Berkeley. 

The entire ])lant was in a state of disintegration when dug three weeks 
after sx)raying. The aerial parts originating from A were s]>rayed, while those 
originating from C were not sprayed. The vines originating from C were just 
beginning to wilt three weeks after the applieation of the spray above A. 


as known, the general climatic conditions and local weather conditions 
at the time of spraying were practically the same at this point and 
on the plot on which the roots were entirely destroyed. Si)ray8 were 
applied to mature vines at Berkeley many times during September 
and October, 1916, and in every case destroyed all signs of life in 
both vines and roots. Identical treatments in October at Centerville, 
at Spreckels, and in Ventura County resulted in very serious injury 
to the roots of the weed. 
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Another experiment which will throw light on the same matter was 
made at Davis. Two plots were selected, on one of which the plants 
were in full bloom and on the other in the green seed-pod stage. 
Identical sprays were applied to the two plots on the same day. Sub- 
sequent observations failed to reveal any injury upon the roots of the 
plants which were in full bloom at the time of spraying. The roots 
on the plot which was in the green seed-pod stage were seriously in- 
jured by the spray and fully 75 per cent of the roots failed to produce 
new sprouts within a month after the time of spraying. One root 
dissected out from this plot to a depth of three feet was found to be 
moldy and disintegrated throughout its entire length. 

It thus appears that the most significant difference which may 
account for apparent conflicts of results was the difference in the 
stage of maturity of the plants. Tlie remarkable phenomenon ob- 
served on the effect on the root systems of wild morning-glory vines 
produced by a late summer or fall spraying strongly suggests that 
the appearance of this phenomenon is intimately associated with the 
rest period of the plant. The increased downward flow of the sap 
of plants at the beginning of the rest period is well known to plant 
])hysiologists and appears to be a most significant fact in this con- 
nection. 

Influence of the Weather , — Monthly climatological data for Cali- 
fornia have been received through the courtesy of the Weather Bureau 
of the United States Department of Agriculture. The reports from 
the weather station nearest the various experimental plots may be 
taken as indicating the approximate state of the weather at or near 
the time of treatment. In many cases the data were not sufficiently 
local or complete to determine accurately to what extent the results 
of the experiments were influenced by the w^eatlier. From a general 
survey of the w^eatlicr data and the knowui facts concerning the influ- 
ence of weather on foliage injury caused by insecticides and fungi- 
cides,^^ it seems evident that the most important w^eather condition 
influencing the results of the leaf-absorption method is the amount of 
moisture present at or near the time of treatment. The encouraging 
results obtained by the leaf-absorption method experiments in all 
the humid coast climates and the unsatisfactory results obtained by 
the same method in the semiarid climate at Davis strongly indicated 
that one essential condition of the successsful application of arsenic 
as an herbicide by the leaf-absorption method is the presence of suffi- 
cient moisture to prevent the drying of the poison on the leaves before 
its absorption. 
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Although none of the experiments at Davis was wholly satisfactory, 
even though applied to mature vines which had already ripened seeds, 
two sprays were made in the fall which quite seriously affected the 
roots of the morning-glory vines. In both cases, the root injury 
occurred from the sprayings which were immediately followed by 
damp weather. 

Possibilities and Limitations of the Method . — The method described 
can not as yet be said to be one of eradication. It has been demon- 
strated, however, that 85 to 90 per cent of the morning-glory roots on 
the plots near the coast can be killed to a depth of four feet or more 
by a properly timed spray to mature vines. New sprouts will emerge 
from the stubs of the partially killed roots and will eventually reach 
the surface and produce new vines. Under these conditions they are, 
however, very puny, the leaves being only about one-fourth of the 
normal size and of a sickly yellowish color. The new growth is quite 
different from the normal trailing vine. When the new shoot reaches 
the surface, a thick clump of erect branches is produced not more 
than eight or nine inches in length. The majority of the new shoots 
consume from seven months to one year in reaching the surface so 
that a crop can be well established on the land, or an early crop 
harvested, without serious interference from the weed. 

The abnormal condition of the vines originating from the stubs of 
the partially destroyed roots and the enfeebled condition of these root 
stubs lead one to believe that an annual fall spraying may eventually 
eradicate the weed. 


SUMMARY 

None of the root-absorption experiments seemed to point the way 
for the control of wild morning-glory on agricultuial land at a reason- 
able expense and without serious injury to the soil. 

Incidental to the main object of the experiments, the control of 
wild morning-glory on agricultural land, data have been obtained 
which show the superiority of arsenic as a soil sterilizer. All of the 
Centerville plots to which an ounce or more of arsenic trioxide had 
been applied per square yard were barren of all vegetation, except 
wild morning-glory, for fourteen months notwithstanding the leaching 
by the rains of two winters. 

The leaf -absorption experiments have definitely established one * 
fact of importance from a scientific as well as from a practical stand- 
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point, namely, that a dilute solution of sodium arsenite applied only 
to the aerial parts of the wild morning-glory under certain conditions 
will destroy both the aerial parts of the plant and the underground 
parts to a depth of several feet. 

The experiments point strongly toward the conclusion that the 
accomplishment of these results is chiefly dependent on the coexist- 
ence of two conditions at the time of the application of the poison, 
namely that : 

1. The plant is approaching or wholly wdthin the dormant state. 

2. Sufficient moisture is present in the air to prevent the drying 
of the poison on the leaves before its absorption. 
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It is the purpose of this preliminary paper to point out the prob- 
able existence of a growth-inhibiting substance or substances in the 
stem of Cliinese lemon, a variety of the citron ((Hirus medica), and 
to discuss some of its effects upon the development of shoots on the 
cuttings. 

Vochtiiig^ believed that each isolated stem is the carrier of a 
force’’ which determines polarity. 

The older botanists, under the leadership of Sachs, assumed that 
there was a flow' of shoot-forming substances tow'ard the apex and of 
root-forming substances toward the base in a regenerating cutting. 
The difficulty in this asvsumiition, so far as the Chinese lemon is eon- 
(*erned, lies in the fact that none of the subapieal buds develop. If 
the apical buds of the cutting develop fus the result of the flow of 
elaborated materials in their direction, it is difficult to sec wdiy these 
materials which flow' past subapieal buds should not give them a 
stimulus to develop, though less in degree. 

In a series of recent articles, Loeb has turned attention tow'ard 
the possibility that there arc one or more sjiecific substances in the 
growing stem which determine the course of events in the growth of 
new shoots and roots in cuttings. He has shown that in Bryophylhtm 
calycinum the apical bud prevents the low^r ones from growing out, 
and he concluded that there is an inhibitory substance sent in the 

1 Paper no. 53, TJniv. Calif. Grad. Sch. Trop. Agr. and Citrus Exp. Sta., River- 
side, California. 

* Vochting, H., OrganbiWung im Pflanzenreich, Bonn, 1878. 
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direction of the basal buds. He* also believes that the reason why the 
apical bud grows out first is that it is the first bud which is freed from 
this substance when the stem is cut from the mother plant. 

This view receives strong support from studies on the growth of 
potato sprouts recently published by Appleman.^ He finds when all 
the buds on a tuber are subjected to the same external conditions, that 
the buds on the apical end grow out first, and that they inhibit the 
growth of the more basal buds. If these apical sprouts are destroyed, 
or retarded in their normal growth, sprouts will appear from the 
more basal buds which would otherwise have remained dormant. The 
cutting of a furrow around a middle or basal bud will cause it to 
grow out just as quickly as the apical buds of the tuber. If the tuber 
is cut into transverse slices the inhibitory influence of the apical buds 
is removed and there is a general growth of buds over the surface 
of the entire tuber, depending upon the thickness of the .slices. 

In the following experiments the cuttings were made from young 
wood of the Chinese lemon and varied in length from 15 to 40 centi- 
meters. They were suspended in covered glass jars or in glass cases 
in which a moist atmosphere was continually maintained. The experi- 
ments were conducted in a culture room at a temperature which had 
a daily range of not more than one or two degrees centigrade. Illumi- 
nation was obtained from two large incandescent electric lights fitted 
with filters of ‘ ‘ Trutint ^ ' glass. The jars stood upon a revolving table 
which was driven at a sx)eed of one revolution every three minutes by 
a small motor. 

Shoots of the Chinese lemon which have attained a sufficient degree 
of maturity retain their vitality for many months after removal from 
the tree, provided they are kept in a moist atmosphere. The latency 
of the buds is not so easily broken as in the case of willow ; they there- 
fore constitute a more favorable subject for experimentation. 

Regeneration of Shoots prom Cuttings 

When cuttings made from shoots of the Chinese lemon are sus- 
pended in a moist atmosphere, shoots develop from buds at the apex 
of the cuttings, and roots from the basal end. This occurs whether 
the cuttings are in the normal or inverted position (figs. 1, 2). The 
cuttings will grow for several months but no shoots will appear except 
from two or three buds nearest the apical end of the cutting. If the 

3Loeb, J., The chemical basis of axial polarity in regeneration, Science, n.s., 
vol. 46, p. 547, 1917. 

4 Appleman, C. O., Physiological basis for the preparation of potatoes for 
seed. Bull. 212, Maryland Agr. IJxp. Sta., 1918. 
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buds nearest the apex are killed by burning them with a hot glass rod 
at the time of installing the experiment then the buds immediately 
below them will develop, but if the apical buds remain functional and 
develop the lower buds remain dormant. If the sprout from an 
apical bud be removed after it has reached a length of one centimeter 
or more, a new sprout will develop from one of the accessory buds 
but the lower buds remain dormant. If the tip of a sprout be removed 
as in the left-hand cutting in figure 1, it will continue to grow from 
one of its lateral buds but the interruption of its growth does not cause 
the buds below it to develop. 

Similar behavior is shown by shoots on the Chinese lemon tree 
itself. Figure 3 shows four upright shoots, averaging one meter high, 
which were taken from a Chinese lemon tree. A few lateral buds near 
the apex of each shoot had develo])ed into short branches, yet the 
large number of buds below them had remained dormant. 

This dominance of the buds nearest the apex of the shoots is so 
characteristic and so clearly marked that one can only conclude that 
it is due to some significant internal influence. 

We may now turn our attention to some experiments designed to 
throw light upon the nature of this influence. 

(Juttings about 30 centimeters in length were suspended vertically 
in a glass jar until one or two shoots were produced at the apex. A 
notch deep enough to remove bark and phloem was then cut immedi- 
ately above several subapical buds and the cuttings replaced in the 
jar. After three weeks nearly every healthy bud above which a notch 
had been made either produced a shoot or showed signs of activity 
(fig. 1). The unnotched buds remained dormant. The same result 
was obtained when the cuttings were hung upside down (fig. 2). None 
of the buds on the control cuttings developed except those immediately 
back of the apex. The response is often more manifest if the sprout 
from the apical bud is allowed to reach a length of one or two centi- 
meters before notching the subapical buds. 

The next experiment shows what happens when the development 
of the apical buds is temporarily inhibited by mechanical means. 

Cuttings about 30 centimeters in length, of as uniform size as 
possible, were selected and the upper half of some of them was enclosed 
in a plaster of Paris cast. They were then suspended vertically in a 
glass case and placed on the revolving table. In most cases the casts 
prevented development of the buds. After a little over three weeks 
some of the cuttings produced a sprout below the plaster cast. 
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Figure 5 shows two of these cuttings on which the new sprouts were 
8 and 11 centimeters in length respectively. The sprout on each 
cutting was allowed to grow until it reached a length of several centi- 
meters, then the plaster cast was removed and the cutting again 
suspended in the moist chamber. 

The behavior of the cuttings released from the plaster cast was 
significant. Soon after removing the casts the apical buds af each 
cutting developed into sprouts in the normal manner. Figure 6 is 
from a photograph of the two encased cuttings shown in figure 5, 
and was taken one month after removing the casts. It shows that the 
shoots, which had previously developed, began to die when the apical 
buds began to grow. Subsequently the original shoots died, while 
those from the apical buds grew on normally. The result of this 
experiment shows two significant facts: (1) the shoots produced from 
apical buds after removing the casts were not inhibited in any manner 
by those already present near the middle of the cuttings; and (2), on 
the contrary, the original shoots near the middle of the cuttings were 
inhibited in their grow^th and finally killed when the apical shoots 
began to grow. The length of the sprout produced by the subapical 
bud might alter these relations, for example Mogk*^ reported that 
subapical sprouts in Vida faha seedlings did not inhibit growth of 
the apical sprouts unless their relative lengths were as three to one. 

The results of these experiments seem to us to indicate that there 
is some substance produced by the growing shoot which travels in the 
l^hloem layers toward the basal part of the stem and that it inhibits 
the development of buds situated nearer the base of the stem. In 
making a cutting such as that shown at the left in figure 1, we are 
isolating a piece of a stem whose buds, according to this assumption 
would have been previously prevented from developing by a substance 
emanating from the upper shoots or apical buds. If the substance 
which was included in this cutting remained evenly distributed 
throughout its length, none of the buds would have develoi)ed, but its 
tendency seems to be to migrate toward the basal end of the cutting. 

The question might arise whether the results may not be due to a 
tendency for elaborated materials to pass upward more than down- 
ward, and to induce the development of apical buds only, through an 
accumulation of nutrients at the apical end. This question seems to 
be answered in the negative by two observations: (1) so far as known, 
the movement of substance in the phloem is downward; (2) the shoots 

sMogk, W., Tlntersuehungen iiber Korrelation von Knospen und Sprossen, 
Arch. f. Entwickelsmech. d. Org., vol. 08, pp. 584-681, 1914. 
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produced from short cuttings having only one or two buds were as 
large and grew as fast as those produced from the first or second 
apical bud of a longer cutting. 

It cannot be assumed, however, that the movement of this hypo- 
thetical substance is directed solely by the pull of gravity. As shown 
by the growth of cuttings such as illustrated in figure 2, it moves 
from apex to base even when the cutting is suspended inverted, in a 
vertical position. It would appear that the substance moves primarily 
in a basal direction, but that it is influenced to some extent by the 
pull of gravity. 

The formation of new shoots on horizontal branches or on hor- 
izontally placed cuttings of Chinese lemon, affords some significant 
illustrations supporting the assumptions concerning the existence of 
a growth-inhibiting substam^e. The horizontal shoot on a tree behaves 
very differently from vertical shoots, such as those showm in figure 3. 
Whereas very few lateral buds develop on a vertical shoot, a great 
many buds develop on a horizontal shoot, provided they have reached 
a sufficient degree of maturity. Figure 4 shows a long shoot which 
originally grew vertically on the tree. So long as it was vertical none 
of the lateral buds developed into shoots. It was bent over and tied 
in a horizontal position. A few months later this photograph was 
taken and shows a development of lateral buds along nearly the 
entire length of the shoot. Shoots of the same age left in the vertical 
position remained like those shown in figure 3. Inspection of the 
branch will show, furthermore, that the buds which developed are 
those situated on the dorsal or upper side. Buds located on the lower 
side of the horizontal shoot did not develop. This vras true of 
branches w’hich grew naturally in a horizontal position, as well as of 
those which were bent into that position. 

Cuttings suspended horizontally in glass cases produced new 
sprouts only from buds on the upper side, but not from the lower 
side (fig. 7). The sprouts were not confined to the apical end of the 
cutting, though they usually appeared first in that region. The growth 
of sprouts at the apical end exhibited no such signs of dominance over 
the other buds on the upper side of the cuttiiig as was shown in the 
case of cuttings suspended vertically. 

This development of the dorsal buds of a horizontal Chinese lemon 
shoot appears to be in conformity with the idea of a growth-inhibiting 
substance in the shoot. It appears that the substance accumulates on 
the low^er side of the shoot and prevents its buds from developing, 
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at the same time freeing the upper side and allowing buds on that side 
to develop into new shoots. 

A very striking result was obtained if a horizontal cutting was 
revolved through an arc of 180 degrees, so that the position of the 
upper and lower buds was reversed, after sprouts on the dorsal side 
had attained a length of 6 to 10 centimeters. A new sprout would 
soon appear from a bud upon what was previously the ventral side 
of the cutting. As soon as this new sprout began to grow, the original 
sprouts began to deteriorate and finally died (fig. 8). 

It seems possible that the injury to the original sprouts might have 
been due both to the growth-inhibiting substance originally present in 
the cutting, and to additional material produced by the new sprouts. 
At any rate this substance appeared to accumulate at the lower side 
of the cutting and to inhibit growth in the shoots which had been 
brought into that position by the revolution of the cutting. It is 
important to notice that the two original sprouts on this cutting did 
not respond normally to the geotropic stimulus previous to their 
death. This would indicate that there were profound changes in the 
metabolism and in growth reactions of the sprouts. 

It should also be noticed that the root which developed on the 
cutting shown in figure 8 showed no injury following the revolution 
of the cutting. It responded to its new position by curving and grow- 
ing downward as before. The influence of this hypothetical substance 
upon root development is under investigation and will not be discussed 
here. 


Summary 

1. Chinese lemon shoots produce very few lateral branches so long 
as they grow in a vertical position. Cuttings produce two or three 
new shoots from buds nearest their morphologically apical end. This 
dominance of growing buds at the apex of a shoot is characteristic and 
is also shown by inverted cuttings. 

2. The dominant influence of the buds nearest the apex may be 
prevented from reaching lower buds by notching the phloem layers 
just above each bud. If the apical bud is prevented from developing 
by mechanical means, lower buds may develop. 

3. Horizontal branches or cuttings of this tree produce lateral 
shoots only from the dorsal or upper side. 

4. The theory is advanced that the shoots developing nearest* the 
apex form a substance which is capable of inhibiting the growth of 
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other buds on the vertical stem. The hypothetical substance appears 
to move toward the morphologically basal end of a vertical shoot or 
piece of shoot. It appears to have a strong deleterious effect upon 
growth and to perpetuate a condition of dormancy in subapical buds. 
In horizontally placed shoots this substance appears to settle to the 
lower side of the shoot. 



TLATK :{ 
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PLATE 4 
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Fi^^ 1. P»raiieh of a (Miiin'se leiuou tree %\hieli was beat hori/ontallv from 
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[1081 




PLATE 5 

Fig. 5. Cuttings of Chinese lemon suspended vertically. The apical end of 
two cuttings was enclosed in a plaster cast. In each case a shoot was produced 
from the first healthy Imd below the cast. Control cutting shown at the left. 

Fig. 6. The two cuttings shown at the right of figure 5. Photograph made 
one month after removal of the casts. The subapical shoots shown in figure 5 
died after new shoots developed from the apical buds. 
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PLATE 6 

Fig. 7. Cuttings of Chinese lemon suspemled horizontally. Biuls on the upper 
side developed into shoots. 

Fig. 8. Cutting of Chinese lemon suspended horizontally. After it had pro- 
duced two new shoots from the upper side the cutting was revolved through 
an arc of 180®, so that the position of the upper and lower buds was reversed. 
A new shoot was produced from what was then the ui)i>er side and the two 
original shoots died. 


[ 112 ] 



UNIV CALIF PURL. AGR. SCI., VOL. 4 


1 RELD-HALMA J PLATE b 





UNIVERSITY OF CALIFORNIA PUBLICATIONS 

IN 

AGRICULTURAL SCIENCES 

Vol. 4, No. 4, pp. 1 13-120 April 5, 1919 


FURTHER STUDIES ON THE DISTRIBUTION 
AND ACTIVITIES OF CERTAIN GROUPS 
OF BACTERIA IN CALIFORNIA 
SOIL COLUMNS 


BY 

CHARLES B. LIPMAN 


UNIVERSITY OF CALIFORNIA PRESS 
BERKELEY 



TTNIVERSITY OE CAEIFOlUKriA RtTBLIOATIOlTS 


Note.— The TTnlversity of California Publications are offered in exchange for the publi- 
cations of learned societies and institutions, universities and libraries. Complete lists of 
all the publications of the University will be sent upon request. For sample copies, lists 
of publications or other information, address the IdANAGER OF THE UNIVERSITY 
PRESS, BERKELEY, CALIFORNIA, U. S. A. All matter sent In exchange should be 
addressed to THE EXCHANGE DEPARTMENT, UNIVERSITY LIBRARY, BERKELEY, 
CALIFORNIA, U.S.A. 

AGRICULTURAL SCIENCES. — Charles B. Lipman, Ernest B. Babcock, and John W. 
Gilmore, Editors. Price per volume, $6. Volume 1 (587 pages) completed. Volumes 
2, 3 and 4 in progres.<3. 


V6l. 8. 1. Studies in Juglans I, Study of a New Form of Juglans Calif ornioa 
Watson, by Ernest B. Babcock. Pp. 1-46, plates 1-12, December, 

1913 60 

2. Stndies in Juglans H. Further Observations on a New Variety of 
Juglarts Calxfornica Watson and on Certain Supposed Walnut-Oak 
Hybrids, by Ernest B, Babcock. Pp. 47-70, plates 13-19. October, 

1014 S6 

5, Studies In Juglans, III: (1) Further Evidence that the Oak-like Walnut 

Originates by Mutation, by Ernest B. Babcock. Pp. 71-80, pla 20-21. 
September, 1916 .10 

VoL 3. 1. New Grasses for California, I, Phalaris stenopiera Hack., by P. B. Ken- 
nedy. Pp. 1-21, plates 1-8. July, 1917 30 

2. Optimum Moisture Conditions for Young Lemon Trees on a Loam Soil, 
by L. W, Fowler and C. B. Lipman. Pp. 25-36, plates 9-11. Sep- 
tember, 1917 16 

8, Some Abnormal Water Relations In Citrus Trees of the Arid South- 
west and their Possible Significance, by Robert W. Hodgson. Pp. 

37-54, plate 12. September, 1917 20 

4. A New Dendromcter, by Donald Bruce. Pp. 55-Cl. November, 1917 10 

6. Toxic and Antagonistic Effects of Balts on Wine Yeast {Saccharoinycc» 

ellip.^ouli'm) , by S. K. Mltra. Pp. 63-102. November, 1917 .45 

6. Changes in the Chemical Composition of Grapes during Ripening, by 

F. T. Bioletti, W. V. Cruess, and H. Davi. Pp. 103-130. March, 1918 .25 

7. A New Method, of Extracting the Boll Solution (a Preliminary Com- 

munication), by Chas, B, Lipman. Pp. 131-1S4. March, 1918 05 

8. The Chemical Composition of tho Plant as Further Proof of the Close 

Relation between Antagonism and Cell Permeability, by Dean David 
Waynick. Pp. 135-242, piatos 13-24. June, 1918 1.26 

9. Variability in Soils and Its Significance to Past and Future Soil In- 

vestigations. I. A Statistical Study of Nitrification in Soil, by Dean 
David Waynick. Pp. 243-270, 2 text figures. June, 1918 30 

10. Does CaCO;^ or CaS 04 Treatment Affect tlie Solubility of the Soil's 

Constituents?, by 0. B. Lipman and W. F. Gericke. Pp. 271-282. 

June, 1918 10 

11. An Investigation of the Abnormal Shedding of Young Fruits of the 

Washington Navel Orange, by J. Eliot Colt and Robert W. Hodgson. 

Pp. 283-3G8, plates 25-42, 9 text figures. April, 1919 1,00 

Vol. 4. 1. The Fermentation Organisms of California Grapes, by W. V. Cruess. 

Pp. 1-66, plates 1-2, 15 text figures. December, 1918 75 

2. Tests of Chemical Means for the Controrof Weeds. Report of Progress, 

by George P. Gray. Pp. 67-97, 11 text figures (Ju press) 

8. On the Existence of a Growth-Inhibiting Substance in the Chinese 
Lemon, by H. S. Reed and P. F. Halma. Pp. 99-312, plates 3-6. 

February, 1919 25 

4. Further Studies on the Distribution and Activities of Certain Group.s of 
Bacteria in California Soil Columns, by Charles B. Lipman. Pp. 113- 
120. April 1919 10 


AGRIOULTURBL— The Publications of the Agricultural Experiment Station consist of Bul- 
letins and Biennial Reports, edited by Professor Thomas Forsyth Hunt, Director of 
the Station, These are sent gratis to citizens of the State of California. For 
detailed information regarding them address The Agricultural Experiment Station, 
Berkeley, California. 



UNIVERSITY OF CALIFORNIA PUBLICATIONS 


IN 

AGRICULTURAL SCIENCES 

Vol. 4, No. 4, pp. 1 13-120 April 5, 1919 
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BACTERIA IN CALIFORNIA SOIL COLUMNS. 
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More than six years ago I prepared for publication, and soon 
thereafter published^ some results of certain of my studies on the 
bacteria of California ‘^soil columns.’’ In that paper I pointed out 
that by dint of the somewhat laborious Remy method I concluded that 
*‘arid” soils beiiave differently from ‘‘humid” soils in respect to 
certain groups of their bacterial flora, in that among other things 
active bacterial growth seems to go on at relativelj^ great depths in 
the fii'st class of soils and only at shallow depths in the second. Much 
has transpired since that statement appeared which has contributed 
to extensive changes in science in general and in soils science in par- 
ticular. Positive facts and logic have been presented which have 
shaken to their foundations some of the most dearly cherished and 
firmly established concepts of a former generation. The fate of vast 
accumulations of data on soils hangs in the balance, if, indeed, their 
doom is not already sealed. All of that has perforce altered or is 
altering the objectives of soil work generally, and has exerted a pro- 
found influence on the determination regarding the validity and 
significance of the plans, purpos(«, and results of the investigations 
from which the present study emanated. 

To introduce properly and to justify what follows, if such justi- 
fication be needed, it may not be amiss to make brief reference to 
what might be termed the parent investigations from which the 
bacteriological studies in question sprang, and particiilarly of the 

1 Lipman, C. B., The distribution and activities of bacteria in soils of the arid 
region, Univ. Calif. Publ. Agri. Sci., vol. 1, pp. 1-20, 1912. 
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present status of their results and the effect of these results on the 
investigations described in this paper. 

For many years, and especially during the last fifteen years of 
their lives, the late Professors Hilgard and Loughridge carried out 
mechanical and chemical analyses on what they termed the soil 
columns of California. These soil columns, which are now represented 
in their entirety in our collections, were series of soil and subsoil 
samples of what Hilgard and Loughridge regarded as the most typical 
soil classes in the state and particularly those typifying the arid soil 
conditions. To obtain these samples a type of post-hole auger, manu- 
factured by Iwan Brothers, at South Bend, Indiana, was employed, 
with special extensions made for our use in boring at considerable 
depths. A sample, representing an average of every foot in depth, 
was usually taken down to and including the twelfth foot wherever 
ground water, thick hardpan, or similar obstacles did not interfere. 
If such obstacles were encountered the samples were taken as deeply 
as possible. Thus, while in most cases the columns represented twelve 
feet of soil in depth there were a number representing only four, six, 
or seven feet. The mechanical analyses were carried out by the Hil- 
gard elutriator method, and the chemcial analyses 'by the Hilgard 
strong-acid digestion method. The ultimate object of this work was 
to construct a map showing the important soil classes of California 
as then regarded, and, by giving information on the mechanical and 
chemical constitution of the soils, to enable the farmer to understand 
the physical and chemical suitability, or incompatibility of his soil 
for given crops, as well as their dependence on, or independence of 
fertilization. 

To render his data more complete, and incidentally to throw some 
light on the microorganisms of arid soils, which at that time was prac- 
tically an untouched field, Hilgard invited the writer more than a 
decade ago to begin a study of the bacteria of arid soils and to include 
in such study the soil columns of California. Recent studies in my 
laboratory, carried out by one of my associates. Dr. D. I). Wayilick, 
have shown what we have been suspecting for the last four or five 
years, the hopelessness of Hilgard and Loughridge ^s plan. The 
reasons for this may be briefly stated as follows : 

1. Soils are so markedly variable that a column collected in one 
spot cannot be considered representative of anything. Even a compo- 
site sample of truly representative nature is practically impossible 
to obtain. 
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2. A mechanical analysis gives no idea of the actual arrangement 
of the soil particles in sUu; hence it is only the crudest kind of guide 
to the soirs physical characters. 

3. The chemical analyses were carried out by an arbitrary method ; 
but this in itself would not be so serious if any true correlation had 
ever been made between a soil’s chemical composition and its crop- 
producing power. This has thus far not been done; besides, the 
analytical method in question was perhaps the least likely to figure 
in such a correlation if it should be attained. Moreover, the first point 
m^de above wholly negatives the validity and utility of analytical 
results obtained on such samples and by such methods as those under 
consideration. 

Necessarily these fallacies were bound to affect the bacteriological 
studies, and many of the results as well as those of the chemical and 
mechanical analyses are now resting in the obscurity which they 
deserve. However, one outcome at least of the. bacteriological studies 
possesses a scientific and perhaps also a practical value; that is, the 
determination of the depths to which microorganisms penetrate in arid 
soils and at which they are probably active. As pointed out in the 
opening lines of this paper, some of the results obtained in work on 
that problem have already been published. Further results would have 
been published if the method involved had not been so laborious. 
Recently, however, we have found by a careful investigation that for 
all practical purposes the auger-collected samples are just as good 
in every way as those collected by the special and laborious method 
which I devised ten years ago. The results of comparative tests of 
these two methods are given in a recent paper^ by D. E. Martin and 
the writer. The fact that the auger-collected samples are just as 
reliable as those collected with special and great precautions, made 
possible the collection of ten more soil columns to a depth of six feet, 
inclusive. The results of studies on these additional soil columns form 
the chief topic of this paper, and are published primarily for the 
purpose of showing that bacteria and other microorganisms may 
penetrate to a depth of at least seven feet in most, if not in all arid 
soils. No other significance is claimed for the data submitted. 


2 Lipman, C. B., and Martin, D. E., Are the usual precautions necessary in 
taking soil samples for bacteriological tests! Soil Science, vol. 6, no. 2, p. 131, 
August 19, 1918. 
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Plan op Pbocedure 

The samples were taken by Mr. D. E, Martin with the I wan 
post-hole auger. The detailed method of sampling is given in the 
paper cited above. The samples were shipped to the laboratorj^ in 
tight Mason fruit jars. The locations at which the samples were 
collected are as follows: 

No, 1, Roseville, — Three hundred yards due west of high school; 
fifty feet east of southeast corner of new city park; old grain field; 
Bureau of Soils classification, San Joaquin sandy loam. Decomposed 
hard pan, two feet to two feet six inches, and clayey material below. 

No, 2, Wheatland, — One hundred and fifty yards southwest of 
Southern Pacific station ; ten yards west of highway in young peach 
orchard, on edge of high ground. Bureau of Soils classification, Aiken 
fine sandy loam. 

No, Gridley, — One hundred yards northwest of Southern Pacific 
station ; twenty yards north of main street ; middle of block in vacant 
lot; water table at five feet. Bureau of Soils classification, Hanford 
sandy loam. 

No, 4, Marysville, — One hundred yards east of highway; one-half 
mile south of Marysville viaduct; Yuba River bottomland; ten feet 
elevation; bean field; highly productive. Bureau of Soils classifica- 
tion, Columbia silt loam. 

No, 5, Grass Valley, — From apple orchard ; head of Auburn Street 
(north end), Grass Valley; residual from granite. Bureau of Soils 
classification, Sierra clay loam. 

No, 6y Davis, — From University Farm at Davis. Bureau of Soils 
classification, Yolo silt loam. 

No, 7, Modesto, — Twenty yards west of highway; one hundred 
yards north of warehouse Modesto Fuel Company ; northern outskirts 
of town of Modesto. Fresno fine sandy loam, brown phase. 

No, Fresno, — Southeast corner of Harvey and Blackstone ave- 
nues, East Fresno; vacant lot. Bureau of Soils classification, Madera 
sandy loam. 

No, 9, San Gabriel, — Ten yards east of San Gabriel highway; 
one-half mile north of junction with El Monte Road (Valley Boule- 
vard) ; strawberry patch. Bureau of Soils classification, Hanford fine 
sandy loam. 

No, 10 , Fasadma, — Twenty yards west of Orange Grove Avenue ; 
ten yards south of Pasadena Avenue (southwest comer) ; orange 
grove. Bureau of Soils classification, Placentia sandy loam. 
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The tests made on the soils consisted of the usual ammonificalion, 
nitrification, and nitrogen fixation determinations, with no pretense 
at attaching importance to the absolute values obtained. All the tests 
were made }n the well known soil cultures in tumblers. For the 
ammonification tests, one gram of dried blood was mixed with fifty 
grams of soil and incubated for seven days under optimum tempera- 
ture and moisture conditions. For the nitrification tests, one hundred 
grams of soils were used in every culture, the cultures being arranged 
in three ways, viz., soil alone, soil plus 1% dried blood, soil plus .2% 
ammonium sulphate. The incubation period was one month under 
the usual conditions of moisture and temperature. For the nitrogen 
fixation test, fifty-gram portions of soil were employed with 1% of 
mannite. The incubation period was three weeks, at optimum moist- 
ure and temperature conditions. The results of these tests are given 
in the accompanying tables. Only averages of the determinations are 
given in the tables, for two reasons. In the fii*st place, the duplicates 
agreed closely in most cases; in the second place, no special im- 
portance, as already indicated above, needs to be attached for our 
purposes to the absolute figures. For simplicity and convenience we 
shall discuss briefly each table separately. 


Thk Ammonification Eesults 

The data obtained and given in table 1 speak for themselves. 
There is every indication in them that ammonia-producing organisms, 
including both bacteria and fungi are active at considerable depths in 
all the soils. Indeed, there is little indication in our results that the 
ammonifying activities of the soils studied are inferior below six feet 
to those above six feet. That the uniformly high, bacterial eflSciency 
at ammonia production is not the result of contamination of one soil 
layer by another had already been proved in the paper above cited,® 
and is proved again in the nitrification table accompanying this paper. 
In other words, we seem to be justified in accepting as definitely 
proved the fact that microorganisms, in arid soils do penetrate to 
considerable depths ; particularly is this true of the ammonia- 
producing organisms, which in the soils here studied show about as 
great an efficiency in the sixth as in the first foot in depth. 
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The Nitrification Results 

A study of table 2 reveals at once the great differences character- 
izing the ammonifying and nitrifying powers of the ten soils studied 
in this investigation, and especially below the first foot in depth. 
While it is impossible in table 1 to find indisputable evidence that 
the ammonifying power of any of the soils decreases downward from 
the surface foot, the evidence is more than ample in regard to nitri- 
fication in table 2. In practically every case the surface foot of soil 
is not only superior but usually far superior to those below it in 
efficiency at nitrate production. The contrast is indeed very striking. 
The data help, moreover, in proving that the method of sampling 
employed is justifiable and valid. Despite all this, however, table 2 
gives unquestionable evidence in support of the idea that even nitri- 
fying organisms do penetrate as far down as the seventh foot of soil 
under arid conditions. While their work may be feeble in many arid 
soils at considerable depths It is quite vigorous in many others at 
similar depths. Such activity is manifested regardless of the form 
of nitrogen available for nitrification. As a rule, it appears that the 
more fertile soils, like those at Gridley and Davis, are those in which 
bacterial activity is greatest in the deeper layers. Owing to the 
organic matter supply in such soils, contrasted with that in the poorer 
soils, like those at Fresno and Modesto, it is natural that the bacterial 
efficiency should vary accordingly, which, indeed, is just as true in the 
surface foot of soil as in the deeper layers. 


The Nitrogen Fixation Results 

The nitrogen fixation rejsults are given in table 3. They cannot 
be regarded as being of much significance, owing to the considerable 
error which attaches to a nitrogen determination on a ten-gram por- 
tion of soil. The determinations were made in duplicate, but only 
the averages are given in the table; these represent five times the 
quantity of nitrogen found in ten grams of the soil culture, minus 
the amount found in the sterile control portion taken for analysis. 
It is easy to see that such manipulation may easily lead to serious 
errors. However that may be, the results are given for whatever 
interest and value they may possess. In the case of the San Gabriel 
soil, it is probably true that the figures represent actual gains in 
nitrogen, and it is interesting to note that while nitrogen fixation in 
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this soil is less in the lower than in the upper layers, it seems to be 
quite definite. Prom this soil, at least, it would appear that the 
nitrogen fixation results are in general accord with the ammonification 
and nitrification results regarding the chief point made in this paper, 
viz., that bacterial life does extend into the deeper layers of the soil 
under arid conditions. Throixgh an oversight the Pasadena soil was 
not studied in regard to nitrogen fixation, hence no statement appears 
with regard thereto in table 3. 


Summary and Conclusion 

From studies on twelve soils, two of which are discussed in another 
paper and ten in this paper, the writer has been able to confirm his 
findings of several years ago to the effect that microorganisms of arid 
soils penetrate deeply into the subsoil layers. 

In the present paper it has been demonstrated that ammonifying 
vigor continues undiminished through six feet of soil in every case. 
While this is not true for the nitrifying powers of the same soils, it 
is clear that nitrifying bacteria do live in the lower layers of some, and 
perhaps of all of the soils to similar depths. The great difference 
between the two, however, lies in the fact that the nitrifying power of 
these soils diminishes rapidly downward from the first foot while the 
ammonifying power remains apparently unchanged. The nitrogen 
fixation ri'sults are for the most part inconclusive, but such as are 
above question seem in general to confirm the idea that bacteria and 
other microorganisms do penetrate to greater depths in arid soils than 
one would expect. Such penetration and activity at those depths seem 
to be superior to those noted on humid soils, so far as we have evidence 
in the literature upon which to base such a comparison. 


Table 1. — Ammonipicationt 
Milligrams of Nitrogen as Ammonia Produced 


Depth in feet 

Name of soil 1.2 8 4 5 6 

Boseville 30.84 31,89 29.17 10.00 22.12 20.79 

Wheatland 35.84 39.13 32.60 28.27 28.00 22.96 

Gridley 38.22 32.20 36.96 30.80 22.82 14.49 

Marysville 33.81 34.79 35.28 38.65 36.33 36.96 

Grass Valley .... 23.10 24.50 20.30 22.96 23.94 21.63 

Davis 68.18 54.88 44.94 37.66 40.60 41.58 

Fresno 38.71 38.64 37.03 36.54 33.74 30.52 

Modesto 38.71 42.63 40.18 89.48 42.14 41.40 

San Gabriel 42.14 38.57 50.22 38.36 37.24 32.34 

Pasadena 56.35 52.64 46.34 52.71 41.93 18.18 



Table 2. — ^Nitrification 

Milligrams of Nitrate Nitrogen Produced per 100 Grams of Soil 

Depth in feet 
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Introduction 

Investigations carried out under field conditions are subject to a 
number of variables, all, or any one of which may serve to invalidate 
the results which may be secured. The problem of adequate experi- 
mental control is an exceedingly difiBcult one, and unlike many 
experiments carried out in the laboratory none of the variables met 
with in the field are capable of complete elimination. They may, 
however, be allowed for, at least in so far as they are concerned with 
the soil mass, if we know the magnitude of the variables met with. 
The heterogeneity of the soil, even in experimental plots, has been 
quite generally recognized as a factor which may render the data 
secured from field plots open to more or less serious errors; but that 
the soil may be so variable as to render the measurements made of 
soil constituents of very questionable value has not been fully appreci- 
ated. There are considerable data, gathered at various places, from 
which very definite conclusions have been drawn without first making 
allowance for the variables entering into the problem in hand. Unless 
a high degree of certainty exists that the results secured in the first 
trial will be obtained when the trial is repeated the experimental data 
are of little value. 
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The problem of variability in experimental trials with field crops 
has formed the subject of a number of recent papers.^ It is not 
our purpose to enter into a discussion of the problem of the control 
of field experiments from the crop standpoint. It is proposed, how- 
ever, to consider the possible magnitudes of field variation in soils 
and the bearing of such variation on field trials in which the soil 
mass is the predominant factor. One of us has already taken up this 
subject from the standpoint of nitrate production in soils,® and since 
no data are obtainable which show the magnitude of the variation 
in some of the constituents commonly measured in field soils it is of 
very considerable interest to present data which have been obtained 
from the viewpoint of the accurate control of the soil as a variable 
factor. It must be understood in considering the data presented in the 
following pages that the variations found and the statistical constants 
computed are by no means absolute figures which, can be taken bodily 
and applied to any soil, but rather that they will serve to indicate the 
extent and nature of the variations likely to be found in field soils, 
together with the methods which it is hoped will prove of value in 
allowing for such variations as are found in any soil. The point 
has previously been made that variations in the soil within very 
limited areas may be so great as to render results secured in the past, 
with only a few samples taken from the area, of very limited value. 
The data obtained, since the first paper was written, and presented 
in this and the following papers make this viewpoint all the more 
secure. 

The present data were secured in connection with and preliminary 
to a field study of biologic nitrogen fixation now being conducted by 
this laboratory, and though incidental to that problem their bearing 
upon the results which may finally be secured is so important as to 
render their consideration from that viewpoint of much interest. This 
is equally true of field experiments of a similar nature which have 
been, or are being conducted elsewhere, and is the principal reason 
for the presentation of the following data at the present time. 


Methods 

Two fields are concerned in the present study, one on the University 
Farm at Davis and the other near the town of Oakley. The soils 
of these two fields are of very different character, a silty clay loam 
at Davis, and a blow sand at Oakley. The total area sampled in each 
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field is a little more than one and three-tenths acres. The fields were 
both selected for their apparent uniformity, both being nearly level, 
with no changes in the soil mass from one part of the field to another 
great enough to be detected by the usual field methods. Both fields 
were practically free from vegetation when selected, and before the 
samplings were made (March, 1918) all extraneous material had been 
carefully removed. Since the data presented in the previous paper 
were the only data which would serve as any sort of a guide to the 
number of samples necessary to secure the degree of accuracy desired, 
and since it was necessary, further, to distribute the samples in such 
a manner as to cover the entire area, the arrangement shown in 
figure 1 was adopted. It will be noted that there are eighty samples 
distributed at thirty-foot intervals over the entire area, forty samples 
at fifteen-foot intervals taken from five different parts of the field, 
these also uniformly distributed, and finally twelve samples taken 
within one of the small areas, approximately one-forty-eighth of an 
acre, in the center of the field. There are, then, one hundred samples 
from each area under consideration. The entire number of samples 
will be treated as one population, except in so far as they are useful 
in showing the effect of the distance apart samples are taken upon 
the variability, and, further, the relationship of the variability in 
a given small area within a field to that of the entire field. It is 
recognized that the data available at the present time on this last point 
are limited, due to the small number of samples available, but they 
are at least suggestive of the relationship between the two. 

All the samples were taken uniformly with a three-inch soil auger 
by foot sections. As soon as taken each foot section was thoroughly 
mixed and approximately one-half of the sample placed in a quart 
jar of the Mason type. When all the samples had been secured the 
jars were placed in specially constructed boxes and shipped by express 
to the laboratory at Berkeley. All the samples were there reduced to 
the air-dry condition as rapidly as possible and passed through a two- 
millimeter sieve. The determinations, as herein reported, were made 
upon the mass of soil passing through a sieve of this size. 

Total nitrogen was determined on ten-gram samples of the Davis 
soil, or twenty-gram samples of the Oakley soil, using the modification 
of the Kjeldahl-Gunning method proposed by Hibbard.^ Eight hun- 
dred cubic centimeter Pyrex flasks were used in making all the 
determinations, so that it was not necessary to transfer to copper 
flasks for the final distillation. All the titrations were made with 



124 University of California Publications in Agricultural Sciences [Vol. 4 


standard hydrochloric acid, 1 c.c. of which was equal to .54 milligrams 
of nitrogen. Determinations for total carbon were made upon five 
and ten gram samples, respectively, of the two soils by a modification 
of the wet combustion method described by one of us elsewhere.* 


Limits of Accuracy of Methods for Nitrogen and Carbon 

It is not proposed to take up a discussion of the accuracy of 
experimental methods in general. Before experimental work with 
field soils is undertaken the accuracy of the laboratory methods to be 
used in the investigation should be known. This is true because, in 
the first instance, any factors tending toward inaccurate results from 
the laboratory standpoint are possible of elimination to a large extent, 
and, in the second instance, the limitations of the laboratory methods 
may finally define the limits of accuracy of results obtained in the 
field. Ill the present study, all errors which may be termed accidental 
have been eliminated so far as possible by careful attention to th(‘ 
details of manipulation. 

That determinations made upon the different portions of the same 
sample may still differ considerably among theimselves is shown by 
an inspection of tables 1 and 2, where a number of determinations for 
nitrogen and carbon are reported, all made upon the same soil sample. 
The results presented here are of further interest in showing how 
nearly values found for a composite sample may conform to the mean 
of the individual samples making up that composite. The latter point 
will be considered more at length later. 


Table 1. — Variability or Determinations for Total Nitrogen made upon \ 

Uniform Soil Sample 



Nitroseo 

Deviation 

No. 

per cent 

from mean 

1 

.092 

.004 

2 

.096 

.000 

3 

.097 

.001 

4 

.099 

.003 

5 

.094 

.002 

6 

.098 

.002 

7 

.092 

.004 

8 

.099 

.003 

9 

.100 

.004 

10 

.097 

.003 

11 

,098 

.002 

12 

.097 

.001 

13 

.092 

.004 

14 

.096 

.000 

15 

.099 

.003 


No. 

Nitrogen Deviation 

per cent from mean 

16 

.096 

.000 

17 

.093 

.003 

18 

.097 

.001 

19 

.096 

.000 

20 

.097 

.001 

21 

.101 

.005 

22 

.098 

.002 

23 

.097 

.001 

24 

.099 

.003 

25 

.096 

,000 

Mean 

.0960 ±*0003l|- 

.002 


.0025 .0002 

* 

C. V.= 

2.60 ± 0.24 
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Table 2. — Variability , or Determinations tor TotaIj Carbon made upon a 

Uniform Soil Sample 


No. 

Carbon 
per cent 

Deviation 
from mean 

1 

1.093 

.012 

2 

1.076 

.005 

3 

1.077 

.004 

4 

1.092 

.011 

5 

1.065 

.016 

6 

1.092 

.011 

7 

1.091 

.010 

8 

1.091 

.010 

9 

1.080 

.001 

10 

1.071 

.010 



Carbon 

Deviation 

No. 

per cent 

from mean 

11 

1.081 

.000 

12 

1.093 

.012 

13 

1.076 

.005 

14 

1.073 

.008 

15 

1.082 

.001 

16 

1.069 

.012 

Mean 

= 1.081 ± .0015 

.008 


a = .009 ± .001 
C. V. = .83 ± .09 


If a inimbor of de'terminations are made upon a given sample and 
the values so secured are arranged according to the frecpiency of their 
oceurrenee it will be found that they group themselves after the man- 
ner of a normal error curve. This fact has already been discussed 
in connection with the determination of nitrates by the colorimetri<* 
im'thod and is introduced hero because it serves as a background for 
the consideration of limits of accuracy of the methods under dis- 
cussion. Sinc(‘ a series of results such as given in table 1 or 2 do 
follow a normal error curve, we are justified in using the statistical 
constants (*alculat(*d from them as a measure of the accuracy of our 
methods. We have, for example, in the case of nitrogen, the mean 
of tw('nty-five detiTininations, expressed as .0960 di .0003 . This 
mean is, then, probably correct to within of the actual 

amount of nitrogen determined. If, however, but a single determina- 
tion had been made it would have been subject to a j)robable error 
of .0960 dt .0016% of d;1.667r of the amount of nitrogen found. 
On the otlier hand, the probable error of the mean of one hundred 
total nitrogen determinations amounts to zh .00016*^^ , or db .016^^ of 
the nitrogen present. It is evident, therefore, that the larger the 
number of determinations made upon any given sample the greater 
will be the accuracy of the mean of the determinations made, but only 
in proportion to tTbe square root of their number. It is possible on this 
basis to determine the amount of nitrogen present in any soil with 
a very high degree of accuracy, provided a sufficient number of deter- 
minations can be made. This conception is derived from the fact that 
what we have chosen to term the laboratory error is purely a matter 
of chance. Therefore, a series of these errors, whether derived from 
several determinations on a single sample or from individual deter- 
minations on different samples, if plotted by classes, would be dis- 
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tributed as a normal frequency curve in accordance with the laws 
of chance. Computations of such a series of errors would yield the 
same statistical constants whether the errors were from the deter- 
minations made on a single sample or were secured from single 
determinations made on separate samples. This point is of impor- 
tance, and unless recognized before any determinations are made upon 
soil taken from any experimental area, many determinations may 
be made which will, in the final analysis, lend nothing to the final 
accuracy of the results. This is true when we are dealing with the 
mean of a representative number of determinations. The worker may 
carry through his determination in duplicate or in triplicate, but such 
a practice will only serve to satisfy him as to the accuracy of his own 
manipulation, as such replications are of no value when a statistical 
interpretation of the data as a whole is made. 

That the laboratory error is small when pompared with the 
variation found in field samples is shown by the following data, which 
have been computed on a “pounds per acre’’ basis, using 4,000,000 
pounds as the weight of one acre foot of soil. If twenty-five samples 
are taken the error which may be attributed to laboratory manipula- 
tion amounts to plus or minus twelve pounds per 'acre, with an even 
chance that our results are accurate to this amount. If we adopt a 
thirty-to-one chance as the largest chance which we deem it safe to 
take in order that our results will have a high degree of accuracy, the 
lowest significant figure amounts to plus or minus thirty-eight pounds 
per acre. In other words, with twenty-five determinations increases 
or decreases in the nitrogen found must exceed this figure before they 
reach a magnitude sufficiently great to be attributable to any treat- 
ment which we have applied. On the same basis, the mean of our 
total number of one hundred samples is probably accurate to within 
twenty pounds per acre so far as the laboratory error itself is con- 
cerned, However, when we consider that the error due to the varia- 
tions in field samples amounts to two hundred and forty pounds per 
acre on an even chance, or seven hundred and sixty pounds on a 
thirty-to-one chance, it is seen that the laboratory error of twenty 
pounds becomes relatively insignificant. When we are dealing with 
the number of samples used in the present study, together with the 
relatively large amount of nitrogen determined, in the case of the 
Davis soil at least, it is evident that this laboratory error may be 
safely disregarded. It is recognized, however, that there may be 
instances in which the laboratory error may limit to a large degree 
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the accuracy to be expected from the use of a given number of field 
samples. This might be true, for example, in a case in which the 
total amount of nitrogen or any other element determined is so small 
that the laboratory error becomes relatively of large magnitude. Tt 
must always be borne in mind, however, that the curve representing 
the laboratory errors and the one representing the errors due to 
sampling are always parallel; that is, the two variables always 
decrease in the same ratio as the number of samples is increased. 

The above discussion has been limited to a consideration of the 
probable accuracy of the nitrogen determination, and it has been 
treated somewhat at length because it is considered important that 
there should be a clear understanding of the limitations of the 
methods employed. The same mode of treatment might be followed 
in discussing the limits of accuracy of the carbon determination. 
These results will not be taken up in detail. Sufiice it to say that 
the laboratory error attributable to our method may be taken as 
amounting to seventy-two pounds per acre on a thirty-to-one chance, 
while the mean of one hundred samples has a probable error, on the 
same basis, due to field variability, of approximately eight hundred 
pounds per acre. 

We have deemed it important to take up a discussion of the limits 
of accuracy of the methods used in order that a false estimation of 
the accuracy of the measurements made may not be assumed. Many 
determinations have been reported in the past giving increases or 
decreases in the constituents commonly measured in field soils without 
consideration of the accuracy of the methods employed. For example, 
the amount of nitrogen removed by an average crop of barley is 
usually stated as about forty pounds per acre. We have shown that 
by making twenty-five determinations on a single soil sample, we are 
able, due to our laboratory errors, to determine nitrogen in amount 
not less than plus or minus thirty-eight pounds per acre, which is 
practically the same figure as given for the nitrogen removed by a 
single crop. It is evident, therefore, that we are just able to deter- 
mine the amount of nitrogen removed by a single crop from deter- 
minations made upon the soil when the soil mass has been made as 
uniform as it could be made experimentally and a large number of 
determinations carried out on a soil so prepared. In other words, if 
we ignore the variability of the field samples and consider only our 
laboratory error it is found that the value for the nitrogen removed 
by a single crop and that for the error due to laboratory manipulations 
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is of nearly the same magnitude. When we take into account as well 
the errors due to sampling in the field, it is evident that the differences 
which must be secured before we can feel confident that the results 
are reliable are very much larger. 

When the results of past soil investigations are examined from 
this viewpoint it will be found that most of them have been obtained 
under conditions so imperfectly controlled or under variations in 
sampling so inadequately tJiken into account, as to render the results 
obtained of very questionable value. 


Experimental, Data 

The experimental data for the two areas are reported in tables 3 
and 4. It will be noted that the extreme range for nitrogen in the 
Davis soil is from .077 to .124% and in the Oakley soil from .022 to 
.063%, a difference between the extremes of about 60% in the first 
soil and nearly 300%; in the second. If we translate these figures into 
a ‘‘pounds per acre^^ basis, we have a range of from 3100 to 5000 
pounds in the first soil and from 900 to 2500 in the second soil. For 
carbon the range is from 0.903 to 1.883%; in the 'Davis soil and from 
0.252 to 0.750% in the Oakley soil, a percentage difference between 
the extremes of nearly the same magnitude as that given for nitrogen. 
Expressed on the acre basis in the same manner as the nitrogen figures 
given above, we have 36,000 to 55,000 |K)unds and 10,000 to 30,000 
pounds respectively for the two soils. If but a single sample were 
taken at random to represent these two areas, it can be readly seen 
that a very inaccurate estimation of their nitrogen and carbon content 
might be made. Further, it is probable that these differences between 
samples taken from apparently uniform areas are (piite as large 
as any that may be found between different soil types. In fact, the 
figures here presented are extremely interesting from that viewpoint, 
in that, while it may be contended that different soil types, as usually 
determined, have a range of values for total nitrogen, for instance, 
not covered by another soil type, unless a large number of samples are 
taken, it would be out of the question to distinguish between two soil 
t>7)es on that basis. For example, in the two soils under consideration, 
which are nearly as widely separated as soil types can be, one a silty 
clay loam and the other a blow sand, the difference between the high 
value for nitrogen in one and the low value for nitrogen in the otl;ier 
amounts to only .014%;, or less than a third of the extreme range in 
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either of these soils. This is a very small value when we take into 
consideration the variability of the soil as a whole. In this connec- 
tion, it is again emphasized that we are dealing with two very limited 
areas, selected because of their apparent uniformity. 

It will be noted that the coefficients of variability for both nitrogen 
and carbon are 9.00% in the Davis soil, while in the Oakley soil they 
are much in excess of this figure, being 21.87% for nitrogen and 
21.11%; for carbon. It will be recognized that the coefficients of 
variability for the Davis soil as regards the two constituents here 
measured are low, so that this area may be properly considered as 
possessing a relatively high degree of uniformity. Just how true this 
is as regards other constituents will be brought out in a subsequent 
paper. The figures as here given may bo used again to emphasize 
the statement made in the introduction of this paper to the effect 
that values found for one soil may be very misleading if an attempt 
is made to apply them as an aid in forming a judgment of the probable 
variation to be found in another soil. 


Effect of Distance on Variability of Samples 

It has already been stated that because of the locations used in 
sampling it is possible* to arrange our data in such a manner that we 
may calculate the statistical constants for any numlxT of samples 
taken at intervals of thirty, fifteen or ten feet. The samples taken 


Table 3. — Total Nitrogen and Carbon in Various Samples ov the Pavis Soil 


No. of 
sample 

1 

Nitrogen 
per font 
.104 

Carbon 
per cent 

1.167 

2 

.086 

1.048 

3 

.080 

0.958 

4 

.092 

1.069 

5 

.099 

1.071 

6 

.098 

1.132 

7 

.107 

1.124 

8 

.117 

1.195 

9 


1.059 

10 

.093 

1.084 

11 

.086 

1.077 

12 


0.997 

13 * 

.082 

0.896 

14 

.105 

1.198 

15 

.114 

1.218 

16 

.108 

1.157 

17 


0.970 


No of 
sample 

18 

Nitrogen 
per cent 

.099 

Carbon 
per cent 

1.048 

19 

.086 

0.965 

20 

.093 

1.040 

21 

.092 

1.014 

22 

.105 

1.122 

23 

.123 

1.329 

24 

.107 

1.075 

25 

.096 

1.048 

26 

.088 

0.978 

27 

.100 

1.091 

28 

.106 

0.998 

29 

.105 

1.147 

30 

.104 

1.112 

31 

.110 

1.154 

32 

.115 

1.244 

33 

.093 

0.997 

34 

.103 

1.052 
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Table 3. — (Continued) 


No. of 

Nitrogen 

Carbon 

No. of 

Nitrogen 

Carbon 

sample 

per cent 

per cent 

sample 

per cent 

per cent 

35 

.101 

1.045 

71 

.106 

1.168 

36 

.106 

1.019 

72 

.116 

1.365 

37 

.103 

1.120 

73 

.077 

0.977 

38 

.113 

1.215 

74 

.090 

1.161 

39 

.110 

1.202 

75 

.095 

1.048 

40 

.111 

1.167 

76 

.093 

1.123 

41 

.093 

1.007 

77 

.101 

1.267 

42 

.091 

0.973 

78 

.104 

1.107 

43 

.096 

1.100 

79 

.106 

1.186 

44 

.100 

1.135 

80 

.116 

1.289 

45 ** 

.097 

1.052 

81 

.103 

1.108 

46 

.096 

1.034 

82 

.091 

0.986 

47 

.104 

1.090 

83 

.078 

0.903 

48 

.116 

1.252 

84 

.091 

1.161 

49 

.093 

0.993 

85 

.094 

1.000 

50 

.109 

1.180 

86 

.096 

1.042 

51 

.107 

1.126 

87 

.099' 

1.288 

52 

.102 

1.153 

88 

.107 

1.352 

53 

.106 

1.256 

89 

.115 

1.232 

54 

.106 

1.250 

90 

.103 

1.109 

55 

.118 

1.254 

91 

.112 

1.251 

56 

.124 

1.383 

92 

.116 

1.322 

57 

.101 

0.973 

93 

.102 * 

1.088 

58 

.090 

1.001 

94 

.098 

0.989 

59 

.101 

0.973 

95 

.095 

1.997 

60 

.101 

1.120 

96 

.097 

1.093 

61 

.098 

1,051 

97 

.098 

1.114 

62 

.098 

1.101 

98 

.099 

1.063 

63 

.107 

1.195 

99 

.097 

1.064 

64 

.101 

1.254 

100 

.103 

1.092 

65 

.086 

1.088 




66 

.103 

1.137 

Mean 

= .100 ± i 

)0B 1.110 ± .007 

67 

.088 

1.009 

A. D. 

= .006 * 

' .083 

68 

.094 

1.078 

cr 

= .0090 ± 

.OOOa. .1000 ±.0005 

69 

.100 

1.173 

C. V. 

= 9.00 ± 0 

.42 9.00 ±0.42 

70 

.097 

1.071 




Table 4.- 

-Total Nitrogen and Carbon in Various 

1 Samples or the Oakley Soil 

No. of 

Nitrogen 

Carbon 

No. of 

Nitrogen 

Carbon 

sample 

per cent 

per cent 

sample 

per cent 

per cent 

1 

.042 

.624 

10 

.032 

.420 

2 

.032 

.417 

11 

.024 

.330 

3 

.027 

.365 

12 

.024 

.361 

4 

.022 

.179 

13 

.031 

.349 

5 

.029 

.355 

14 

.032 

.314 

6 

.026 

.383 

15 

.033 

.475 

7 

.027 

.279 

16 

.042 

.330 

8 

.031 

.404 

17 

.042 

.499 

9 

.042 

.565 

18 

.028 

.314 



i 

1919] Waynick-Sharp : Variations in Nitrogen and Carbon in Field Soils 131 


Table 4, — (Continued) 


No. of 

Nitrogen 

Carbon 

No. of 

Nitrogen 

Carbon 

sample 

per cent 

per cent 

sample 

per cent 

per cent 

19 

.027 

.402 

63 

.032 

.466 

20 

.021 

.428 

64 

.034 

.450 

21 

.037 

.421 

65 

.045 

.647 

22 

.022 

.308 

66 

.028 

.384 

23 

.036 

.345 

67 

.030 

.480 

24 

.034 

.345 

68 

.031 

.362 

26 

.041 

.524 

69 

.035 

.498 

26 

.029 

.377 

70 

.033 

.407 

27 

.025 

.382 

71 

.039 

.577 

28 

.029 

.450 

72 

.031 

.431 

29 

.034 

.453 

73 

.061 

.947 

30 

.026 

.292 

74 

.040 

.589 

31 

.027 

.345 

75 

.041 

.612 

32 

.031 

.450 

76 

.040 

.636 

33 

.042 

.507 

77 

.063 

.750 

34 

.027 

.314 

78 

.036 

.478 

35 

.026 

.341 

79 

.040 

.587 

36 

.028 

.252 

80 

.035 

.516 

37 

.035 

.319 

81 

.029 

.368 

38 

.027 

.346 

82 

.025 

.361 

39 

,026 

.368 

83 

.022 

.329 

40 

,031 

.524 

84 

.035 

.409 

41 

,052 

.450 

85 

.032 

.558 

42 

,030 

.314 

86 

.030 

.384 

43 

,031 

.396 

87 

.036 

.380 

44 

,028 

.381 

88 

.032 

.497 

45 

,032 

.502 

89 

.033 

.436 

46 

,029 

.404 

90 

.024 

.312 

47 

.030 

.480 

91 

.033 

.396 

48 

.032 

.382 

92 

.028 

.366 

49 

.046 

.426 

93 

.027 

.407 

50 

.031 

.718 

94 

.026 

.338 

51 

.033 

.456 

95 

.029 

.314 

52 

.032 

.488 

96 

.027 

.360 

53 

.034 

.443 

97 

.029 

.396 

54 

.033 

.450 

98 

.037 

.435 

55 

.034 

.516 

99 

.029 

.382 

56 

.033 

.352 

100 

.029 

.347 

57 

.052 

,742 


t 

— 

58 

.034 

.461 

Mean 

= .032 ± jp05 

.440 ± .007 

59 

.031 

.475 

A. D. 

= .007 

.009 

60 

.031 

.534 

<r 

== .0070 ± .0003 

.115 ± .005 

61 

.031 

.420 

C. V. 

= 21.87 ±1.03 

25.11 ± 1.13 

62 

.032 

.458 





at the last two distances were not uniformly distributed over the 
entire area but represent smaller areas within the larger. They are 
none the less useful in forming an estimate of the relation which a 
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small area may bear to a larger area within which it is located, or, 
as an interrogation, would we be justified in applying the value 
obtained for nitrogen in a plot of %(> of an acre to that in one acre ? 
In the case of the Davis soil we may answer this question in the 
affirmative, since there is no significant difference between the mean 
of amounts of nitrogen found in the total population as related to 
the samples taken at either the fifteen or ten foot intervals as shown 
in table 5. With the carbon determinations the differences are slight. 
It will be noted, however, that the coefficients of variability of the 
samples taken at ten foot intervals is only about one-third as large 
as those found for the total population. With the Oakley soil, on the 
other hand, there is a significant difference in the means for both total 
nitrogen and total carbon for the samples taken at fifteen and at ten 
foot intervals. In other words, in dealing with a soil as variable as 
regards nitrogen and carbon as the Oakley soil we would not be justi- 
fied in using the data obtained from a small area in the interpretation 
of that see.ured from the larger. The coefficient of variability of the 
samples taken at shorter intervals is significantly less than that cal- 
culated from the total population, although the difference between the 
two is less than half the coefficient of variability calculated for the 
total population in either case. 

These data emphasize again the point which was brought out in 
the previous paper, that it is very unwise to judge an area even of 
the size reported here by values obtained from a limited portion of 
that area if the variations are of the magnitude reported for the 
Oakley soil. Estimations so made may be far from the truth and if 
extendc'd in their application may lead to very erroneous conclusions. 
Accitracy op Values Secured by Using Composite Soil Samples 

From the standpoint of the amount of labor involved in making 
determinations in the laboratory the compositing of a number of 
individual samples is very desirable. Such a practice is permissible, 
however, only when the variations amongst individual samples in the 
area under consideration are known. When a larger area is broken up 
into plots the compositing of a number of samples taken in a repre- 
sentative manner from a small plot becomes almost necessary, since 
otherwise the amount of work involved in making the determinations 
on a large number of individual samples would be almast prohibitive. 
To test this point, the determinations reported in tables 1 and 2 were 
made on a composite sample, prepared by taking twenty grams frpm 
each of the samples of the Davis soil, numbered from 2 to 26 inclusive. 
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Just how closely the results agree is shown in table 6. In the case of 
both nitrogen and carbon the probable error in the difference between 
the two results is approximately equal to the difference between the 
two results, hence the latter value is of no significance. 

It must be remembered, however, that we have made a large 
number of determinations on the composite sample, so that we have 
secured a much higher degree of accuracy than if but one or two 
determinations had been made. The malting of a composite sample 
is, therefore, a justifiable procedure from the standpoint of the final 
accuracy of the results secured; provided, of course, that enough 
determinations are made upon the sample so that their mean will 
accurately represent the soil mass, and, further, that the composite 
itself represents equal amounts of the various individual samples 
which have themselves been made as uniform as possible by thorough 
mixing. 


Table 6. — Showing the Eelation Between Determinations Made Upon 
Individual Samples and on a Composite Sample made from the 
Various Individual Samples 



Mean 

A 


Probable error of mean 

Determinations from compo- 

Nitrogen 

Carbon 

Nitrogen 

Carbon 

site sample Nos, 2-26 in- 
clusive 

.0960 

1.081 

.0003 

.0015 

Determinations on individ- 





ual samples Nos. 2-26 in- 
clusive 

.0940 

1.075 

.0015 

.0058 

Difference 

.0020 

.006 

.0015 

.0059 


Number op Field Samples Necessary to Secure the Degree 
OF Accuracy Desired 

We may adopt as the limit of accuracy to be secured in any investi- 
gation a value below which we attach no significance to our results. 
The limiting values which may be taken will depend largely upon the 
anticipated significance to be given to the results secured from the 
experiment in hand. Further, the physical capacity of the laboratory 
carrying on the experimental work will in many instances be the 
factor limiting the number of samples and thus the probable accuracy 
secured. When it is realized that the results obtained even by the 
most careful laboratory procedure, carried out with a larger number 
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of samples than heretofore used, may still be in error to such a degree 
that only large increases or decreases in soil constituents may be 
measured with accuracy, the importance of using as many samples as 
the capacity of the laboratory will permit becomes evident. 

To emphasize the importance of a correct estimate of the number 
of samples necessary to measure certain changes in carbon and nitro- 
gen which may take place in the two soils under discussion, the values 
given in table 7 have been calculated after the manner outlined in 
a previous publication.*^ In the second column the differences which 
we desire to measure are expressed on a ‘‘pounds per acre’’ basis, 
while in the third column these differences are given on a basis of 
percentage of soil, allowing 4,000,000 pounds per acre foot. In the 


Table 7. — Estimate or the Number or Samples Required for Accurate 
Measurement of Certain Changes in Nitrogen and Carbon 



Limits of 

Limits of 




Davis Soil 

accuracy 
pounds 
per acre 

accuracy 

percentage 

basis 

Odds 1-1 

Odds 10-1 

Odds 30-1 

Nitrogen 

25 

.0006 

100 

250 

317 


50 

.0012 

25 

62 

79 


100 

.0024 

6 

15 

19 


250 

.0062 

.9 

2 

3 


500 

,0125 

.2 

1 

1 

Carbon 

25 

.0006 

12222 

30555 

38743 


50 

.0012 

3055 

7637 

9684 


100 

.0024 

764 

1910 

2425 


250 

.0062 

114 

285 

361 


500 

.0125 

28 

70 

88 

Oakley Soil 






Nitrogen 

25 

.0060 

61 

125 

193 


50 

.0012 

15 

37 

47 


100 

.0024 

4 

10 

12 


250 

.0062 

.6 

1 

2 


500 

.0125 

.1 

1 

1 

Carbon 

25 

.0006 

16685 

41712 

52891 


50 

.0012 

4170 

10452 

13218 


100 

.0024 

1042 

2605 

3303 


250 

.0062 

156 

390 

494 


500 

,0125 

39 

97 

123 


next three columns is stated the number of samples necessary to take 
so that their mean will have a probable error no greater than that 
given in columns two and three. The number of samples required 
is listed under three headings, depending upon the chances we are 
willing to take that our experimental results can be duplicated under 
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the same conditions. With odds of one to one, the chances are even 
that our experimental results are capable of duplication. With odds 
of ten to one or thirty to one the chances are that in one hundred trials 
ten and three of them, respectively, will not give the same results as 
our original experiment. 

It will be noted that if we accept twenty-five pounds per acre as 
our limiting value for nitrogen we must take no less than ril7 samples 
from the Davis soil or 193 samples from the Oakley soil with odds of 
thirty to one. With carbon to be determined, no fewer than 38,743 
and 52,891 samples, respectively, of the two soils must be taken. It 
is at once evident that these samples are too numerous from the 
standpoint of maintaining the integrity of the plot we are sampling 
or the capacity of the laboratory to handle the samples. We must, 
therefore, content ourselves with a lower degree of accuracy than 
twenty-five pounds per acre. As we increase our limiting value 
the necessary number of samples decrease's very ra])idly, so that 
with a value of about one hundred pounds of nitrogen per acre wi* 
require but nineteen samples of the Davis, or twelve samples of the 
Oakley soil. For the investigation in hand we have taken eighty 
pounds of nitrogen and eight hundred pounds of carbon per acre as 
our limiting values, which makes it necessary to use twenty-eight 
samples for nitrogen in the Davis soil and nineteen in the Oakley 
soil, with forty-eight and forty-one samples, respectively, for carbon. 
These valuers were chosen because this number of samples is within 
the capacity" of the laboratory to make the determinations when we 
take into consideration the number of different plots under treatment. 
It is true, then, that when the investigation is finished, we will know 
that our results will not, with odds of thirty to one, have a probabh' 
accuracy greater than the figures given above. With the chances but 
even that we may be able to repeat our experiment and obtain the 
same results as secured whep the trial was originally carried out the 
work involved in carrying through the original experiment is scarcely 
justified. Even odds of ten to one leave a large chance for error when 
attempts are made to repeat the experiment. We are hardly justified 
in taking a larger chance than thirty to one, for our exp(^rimental 
results will still probably fail of replication three times out of every 
hundred trials. Some field experiments may not justify the work 
involved in sampling to secure the degree of certainty desired in the 
present experiment. This may be so if the results so secured are. to 
have a v^ry limited application or are of a preliminary nature. In 
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general, however, it is felt that a larger chance than the one taken 
in this experiment is hardly justified and may only lead to further 
confusion in our interpretation of data secured through field experi- 
mentation. 

It will be noted that fractional values are given in four instances. 
They are given only as the results of calculation as the taking of a 
fraction of a sample is obviously impossible. It must be remembered, 
however, that in using a small number of samples the laboratory error 
may be great enough to invalidate the results secured unless a sufficient 
number of determinations is made to reduce this error to a low value. 

By the use of the method suggested for the calculation of the 
number of samples necessary to secure any desir(‘d degree of accuracy, 
two ends are attained. In the first place, the sampling of field soils 
becomes not something to be done in a haphazard sort of way, but 
rather a definite, practical procedure, the results of which may be 
predicted with a high degree of certainty. In the second place, 
much needless work may be avoided where more sam])les are taken 
than are really ne(‘essary to ensure the d(^grec of accuracy desired. 

As we have already stated before, we do not think our data 
sufficiently extensive to warrant a definite statement on the relation 
between the total area reserved for experimental purposes and small 
subdivisions made from that area. In general, it is probably true 
that small areas are less variable than the larger areas within which 
the former are located. That this may not alwa.ys hold true is shown 
by the data for the nitrate found in the field soil vej)orted in a previous 
paper, and, to a large extent, holds true for the data presented in 
this paper for the Oakley soil. It is lioped that as our work progresses 
with these two experimental plots we may secure data which will 
be of value in interpri'ting the relation of small areas to larger, and 
from such data we may likewise be able to correct, to a certain extent, 
for the heterogeneity in field soils afttT the contingency method ])ro- 
posed by Surface and Pearl.^ 
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SUMMARY 

Data are presented in the present paper showing the variations 
found in total nitrogen and total carbon in two experimental areas, 
located upon soils of widely different types. Statistical methods are 
applied to the interpretation of the results obtained. The following 
statements seem justified from the results secured: 

1. The extreme variations between different samples in which 
nitrogen and carbon were determined are of very considerable mag- 
nitudes and show that the results secured with one or a few samples 
would be likely to be unreliable. 

2. It is unwise to attempt to apply the statistical constants cal- 
culated for one area to other areas even though *in themselves appar- 
ently uniform since the respective variabilities may be very different. 

3. Data are presented showing the making of a composite sample 
to be fully justified after the variations in the area to be sampled are 
known. 

4. The relation of variations in a small area to differences between 
soil types, based upon the constituents determined is discussed, and 
the conclusion is drawn that only after very careful sampling may 
such differences be determined with certainty. 

5. The advantages of estimating the number of samples necessary 
to secure any degree of accuracy are discussed. It is shown that a 
higher degree of certainty in experimental work may be secured by so 
doing, and also that in some instances needless labor may be elim- 
inated. 

In the past many erroneous conclusions have been drawn from 
data secured in field experiments with soils, which it is hoped may be 
avoided in the future by the application of the principles herein 
outlined. 
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A number of years ago it became one of the duties of this labor- 
atory to examine numerous samples of water with the object of de- 
ciding whether or not they were suitable for irrigation purposes. 
Although various investigations on the toxicity of alkali salts have 
been carried out, it was soon realized that no experimental data were 
available which afforded any adequate basis for the interpretation of 
the results of analyses of alkali waters. Ordinarily sufficient consid- 
eration has not been given to the very important principle that the 
soil and water form a chemical system and that effects oh plant 
growth must be correlated with modifications in the concentration and 
composition of the soil solution. Conclusions concerning the latter 
cannot be deduced from the composition of the irrigation water alone ; 
in fact it is as necessary to consider the soil as the Ayater. This opinion 
has recently been stated clearly by Kelly.® 

When the experiments described in this paper were begun, it was 
the intention to make a rather extensive investigation of the effects 
of alkali waters on soils, but other projects have prevented the carry- 
ing out of this plan. It is thought worth while, however, to place on 
record the data which have been obtained, since these are based on 
several new methods of study not heretofore applied to similar prob- 
lems except in a few instances. It is hoped that the present brief 
discussion may be of some value to other investigators who may plan 
more comprehensive researches on the effects of alkali waters in their 
relation to the chemistry of the soil and the nutrition of the plant. 
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The principal methods which have been employed by the writers 
include the determination of OH ion concentration by the hydrogen 
electrode and of total concentration in the soil solution by means of 
the freezing point depression, as described by Bouyoucos and McCoolr 
These methods have been thoroughly discussed elsewhere, and it will 
suffice now to state that the degree of alkalinity in the sense of OH 
ion concentration can only be studied at all accurately with the aid 
of the hydrogen electrode or by some equivalent method; ordinary 
titration procedures do not yield the necessary information. With 
regard to the total concentration, the freezing point depression affords 
the most direct method of determining this value for the soil solution 
(the free water of the soil with a total moisture content suitable for 
plant growth). For purposes of comparison, there are also included 
in the present investigation data obtained by analyzing soil extracts 
prepared by mixing one part of soil with five parts of water. In 
addition, conductivity measurements have been made on 1 :1 extracts. 

The waters used in the experiments were made in the laboratory 
by dissolving pure salts in distilled water. The composition of the 
artificially prepared waters was based on six different types, selected 
from data given in bulletins of the United States ^Geological Survey. 
After long standing in glass containers analyses of the waters were 
made, as they were used in the experiments. The analyses have been 
calculated in terms of characteristic groups as proposed by the United 
States Geological Survey.^^’ This seems to be the most logical and 
convenient method for classifying waters with regard to those prop- 
erties which are of interest to the geologist or agriculturist. Since 
this scheme of classification has not been employed in publications 
of agricultural experiment stations, it may be desirable to mention 
here that the reaction coefficient for any ion is the factor obtained 
by dividing the valence by the atomic weight. This factor multiplied 
by the concentration of the element in parts per million gives the 
reaction value. By this system of equivalents all ions are placed on 
the same basis and subsequent calculations are greatly simplified. 
The characteristic groups mentioned represent the percentage prop- 
erties of the water and are independent of concentration. Thus 
different waters may be classified readily in this way irrespective of 
total concentration. 

In table 1 are presented the analytical results on the six waters 
used, as well as their percentage content of the various groups of ions. 
In total salt content they range from a water of considerable purity 
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to several of rather high concentration. None of the waters, however, 
has a concentration of salts as high as that frequently found in 
naturally occurring waters. 

It is necessary at this point to make a brief statement with regard 
to the terms ‘‘alkali^’ and alkalinity, since these may often be used 
in different senses. The term ‘‘alkali^’ is generally employed to design 
nate a condition of high total salt content in a water or soil and 
subclasses are referred to as “black’’ and “white” alkali, without 
any very definite or consistent line of demarcation. In this paper 
the expression alkalinity is applied to that condition in the soil or 
water which is cliaracterized by a higher concentration of OH ion 
than of H ion. This condition is the resultant of an equilibrium into 
which many factors may enter, such as carbonates, bicarbonates, dis- 
solved CO.jy silicates, organic matter, etc. The two determinations 
then which are principally considered in this discussion are alkalinity 
as just defined and total con<tentration of salts. There is, however, 
no intention of giving the impression that other factors, such as tlie 
ratio of one element to another, may not be of great importance, but 
these questions cannot be answered with the data now at hand. 

In the field the effect of an irrigation water oh the soil solution 
will depend upon the total mass of soil reacting with the water, and 
upon the proportioxi of the products of the reaction not leached out. 
Thus the question of drainage is necessarily involved, and this is 
obviously a variable dependent on topographical conditions, soil tex- 
ture, and the nature of the underlying strata. In the laboratory it 
is ordinarily practicable to study only the chemical effects of a given 
quantity of water on a definite mass of soil. In the present instance 
drainage effects are not considered, consequently the results may be 
interpreted as representing maximum effects in certain directions. 

The first experiment was carried out with the use of three-gallon 
jars, in each of which were placed twenty pounds of air dry soil. 
Pour different soils and a sample of beach sand were included, as 
shown in the tables. The first application consisted of two liters of 
water. After the soils had dried out, further applications were made, 
one liter at a time, until a total of seven liters had been added to 
each jar. The jars were kept outdoors, protected from rain, for a 
period of seven months. In the second experiment smaller quantities 
of soil were used. These were placed in large shallow covers of 
pottery, and water was added as in the first case, except that finally 
twice as much water was used in proportion to the soil. Two new* 
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soils, as well as pure silica sand, were included in this experiment. 
In both experiments the dried out soils were mixed and samples 
preserved in bottles. 

It is of course impossible to compare exactly the quantities of 
water used with those employed in irrigation practice, since we should 
have to assume some maximum depth of penetration. In the first 
experiments the quantity of water added to the soil would be approxi- 
mately equivalent to fourtecui inches per acre, if all remained in the 
first foot of soil; in the second experiment about twenty-eight inches 
were used. 

Hydrogen ion concentrations were determined with a hydrogen 
electrode apparatus, as described by Sharp and one of the authors.’^ 
Ten grams of dried soil were mixed with 30 c.c. of water. Within 
wide limits the proportion of soil to water did not ai[)pear to effect 
the H ion concentration very greatly. To a certain extent at least 
the soil mass, carbonates, silicates, etc,, form a “buffer” system. 
It is of course impossible to state with certainty whether the OH ion 
concentration of the soil solution would be the same as that found 
in the extracts. According to Plummer, “ in acid soils a greater con- 
centration of II ion is found in the film water. It is conceivable that 
in alkaline soils a greater OH concentration might be found in the 
soil solution. It seems liighly probable, however, that the general 
magnitudes measured are fairly representative of the soil solution. 
The effect of carbon dioxide must also be considered. As already 
pointed out elsewhere,^ in certain alkaline soils, if a sufficient concen- 
tration of CO. is maintained in the atmosphere in contact with the 
soil, there may result a marked reduction in the OH ion concentration. 
It is unlikely, however, that most soils of high alkalinity would be 
capable of maintaining such a high CO. production, though the 
addition of large quantities of organic matter might tend to bring 
about such a condition. With regard to the freezing point depres- 
sions, these were made on the soils at optimum moisture content, and 
so should give an idea of the concentration actually existing in the 
soil solution. 

The main results of the experiments are shown in tables 2 to 7. 
The first item for consideration is the OH ion concentration. These 
concentrations are expressed in the customary Pn values, as given in 
the tables prepared by Schmidt and one of the authors.^- Neutrality 
is indicated by 7.0 and higher values denote increased concentrations 
of OH ion. Directing attention first to the three waters (B, C, E ) 
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Analyses of 1 :5 Water Extracts* 

P.P.M. Air Dry Soil 

P 

-Hill 

i i s i i ^ 1 i 

a 

-IlHi 

ppm. 

531 

148 

99 

152 

300 

Chloride 

Cl 

14 

liters 
water 
per 9 
ulos 
soil 

p.p.m. 

50 

10 

10 

50 

10 

10 

7 

liters 
water 
per 9 
kilos 
soil 

pp.m. 

124 

18 

18 

20 

18 

Bicarbonate 

HCOj 

14 

liters 
water 
per 9 
Hlos 
soil 

p.p.m. 

1 

122 

73 

61 

146 

49 

146 

7 

liters 
water 
per 9 
kilos 
soil 

p.p m. 

268 

73 

98 

122 

24 

Total 

Solids 

14 

liters 
water 
^r 9 
kilos 
soil 

i 

p.p m. 

1575 

940 

1165 

1015 

1370 

840 

7 

liters 

water 

TCr-9 

kilos 

soil 

p.p.m 

1600 

635 

580. 

630 

545 
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(25®C.) 

1 :1 Water Extract 

14 

liters 
water 
i per 9 
Kilos 
soil 

ohms 

690 

1100 

965 

925 

540 

7 

liters 
water 
per 9 
Mlos 
soil 

ohms 

1805 

2420 

1920 

Un- 

treated 

soil 

ohms 

2025 

1655 

4970 

4230 

Freesing point 
depression at 
optimum moisture 
content 

14 

liters 
water 
per 9 
kilos 
soil 

^C. 

.213 

.096 

.133 

.118 

i 

.180 

7 

liters 
water 
iicr 9 
Idlos 
soil 

d g ’IS • § 

0 CO 0 0 • ' 

Un- 

treated 

soil 

®C. 

.210 

.126 

.060 

077 

031 

.035 

I 

£| 

CQ 

1 

/ 

14 

liters 
water 
per 9 
kilos 
soil 

Ph 

7 1 

7.1 

7 8 

7.5 

7.2 1 

8.4 

j 

7 

liters 
water 
per 9 
kilos 
soil 

Ph 

8.9 

7.3 

7.6 

7.1 

7.0 

Un- 

treated 

soil 

Ph 

8.7 

7.0 

7.2 

7.0 

7.0 

6.5 

6.2 

Description 
of Soils 

Clay adobe 

No. 1 

Clay adobe 

No. 2 

Silty day 
loam No. 3... 
Fine sandy 
loam No. 4... 
Pine sandy 
loam No. 5.. . 
Beach sand 

No. 6 

Silica sand 

No. 7 I 


*The analyses of the water extracts of the untreated soils are omitted, since only negligible quantities of Cl and HCO 3 were present, except 
in tfie case of Soil 1. 
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Clay adobe 

No. 1 .. 

Clay adobe 

No. 2 

Silty clay 
loam No. 3 . 
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loam No. 4. 
Fine sandy 
loam No. 5 
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No. 6 
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water 1 
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water 
per 9 j 
kilos 
soil 

ohms 

2025 

1655 

4970 

4230 

Un- 
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water 
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14 
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water 
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water 
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P.P.M Air Dry Soil 

Analyses of 1 :5 Water Extracts 
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2000 
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1340 

1640 

1725 

14 

liters 
water 
per 9 
kilos 
soil 

p.p.m. 
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98 
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220 

110 
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liters 
water 
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kilos j 
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Bicarbonate 

HCOa 

p.pm. 
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110 

244 
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183 

366 

(CO 3 ) 

(192) 

14 

liters 
water 
per 9 
kilos 
soil 

p.p.m. 

124 

106 

106 

100 

89 

7 

liters 
water 
per 9 
kilos 
soil 

Chloride 

Cl 

p.p.m. 
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280 

220 

240 

250 

160 

14 

liters 
water 
per 9 
kilos 
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p.p.m. 

317 
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7 

liters 
water 
per 9 
»los i 
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. coE. 
Pg* 

a» 

p.p.m. 
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426 

364 

372 

691 

319 

14 

liters 
water 
per 9 
kilos 
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Kilos 
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Total 
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PPM Air Dry Soil 

Analyses of 1:5 Water Extracts 

p.pm 

970 

545 

785 

540 

1255 

430 

14 

liters 
water 
per 9 
kilos 
soil 

pp.m. 

281 

73 

61 

134 

acid 

7 

liters 
water 
per 9 
kilos 
soil 

Bicarbonate 

HCO* 

p.p.m. 

98 

61 

73 

146 

37 

122 

1 

14 

liters 
water 
per 9 
kilos 
soil 

ppm. 

106 

18 

18 

10 

18 

7 

liters 
water 
per 9 
Uos 
soil 

Chloride 

Cl 1 

p.p.m. 

30 

10 

20 

10 

10 

10 

14 

liters 
water 
per 9 
kilos 
soil 

p.p.m. 

327 

93 

150 

164 

348 

7 

liters 
water 
per 9 
kilos 
soil 

Pjo* 

p.p.m. 

230 

117 

113 

117 

755 

105 

14 

liters 
water 
per 9 
Hlos 
soil 
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Analyses of 1 ;5 Water Extracts 


Sulfate 

SO« 


i ^ S g S3 S g 1 

t ^ « 1 

-IIHI 

rfflltiMll 

Chloride 

Cl 

-iim 

p.p.m. 

80 

50 

60 

60 

30 

30 


p.p.m. 

71 

53 

35 

40 

53 

Bicarbonate 

HCOs 

14 

liters 
water 
per 9 
1^06 
soil 

p.p.m. 

134 

98 

171 

232 

159 

305 

(CO 3 ) 

(96) 


p.p.m. 

331 

73 

171 

171 

61 

Total 

Solids 

14 

liters 
water 
per 9 
kilos 
soil 

p.p.m. 

975 

575 

960 

1150 

1600 

680 

7 

liters 

water 

per-9 

kilos 

soil 

p.p.m. 

955 

1 

485 

670 

510 

1925 

i 


Specific Resistance 
(25®C.) 

1 :1 Water Extract 

14 

liters 
water 
per 9 
kilos 
soil 

ohms 

1335 

2155 

1145 

1670 

960 

7 

liters 
water 
Mr 9 
kilos 
soil 

ohms 

1845 

1715 

680 

Un- 

1 treated 

1 soil 

ohms 

2025 

■ 

1655 1 

i 

4970 

4230 

£ 

14 

liters 
water 
per 9 
Idlos 
soil 

1 

“C. 

.156 1 

' 

067 

.155 

.101 

.246 

1 

M 

'S 

1 

depression : 
optimum moif 
content 

7 

liters 
water 
per 9 
kilos 
soil 

®C. 

.282 

i 

.073 

072 

.189 1 

1 

i 

Un- 

treated 

soil 

^‘C. 

.210 

.126 

.060 

.077 

.031 

.035 

0 

Ph 

Soil Suspension 

14 

liters 
water 
per 9 
idlos 
soil 

Ph 

7 6 

8 0 

8 9 

8.3 

8 5 

1 

9.7 

7 

liters 
water 
per 9 

1 kilos 
soil^ 

i Lt 

Ph 

9.0 

1 

7.2 

8.1 

7.8 1 

9.1 

Un- 

treated 

soil 

Ph 

8.7 

7.0 

7.2 

7.0 

7.0 

6.5 

6.2 

Description 
of Smls 

Clay adobe 

No. 1 

Clay adobe 

No. 2 

Silty clay 
loam No. 3 . 
Fine sandy 
loam No. 4.. 
Fine sandy 
loam No. 5.. . 
Beach sand 

No. 6 

Silica sand 

No. 7 
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Clay adobe 

No. 1 

Clay adobe | 

No. 2 

Silty clay 
loam No. 3 . 
Fine sandy 
loam No. 4. ! 
Fine sandy 
loam No. 5... 
Beach sand 

No. 6 

Silica sand 

No. 7 

Deseription 
of Soils 

Ph 

8 7 

7.0 

7.2 

7 0 

7.0 

6.5 

6.2 

Un- 

treated 

soil 

Ph 

Soil Suspension 

os 4^ <1 ^ 00 hj 

1 . . , . . • n 

1 00 Ot : 4S» O OS 

7 

liters 
water 
per 9 
mloB 
soil 

Ph 

■ 

6 7 

6 7 

7 2 

7 3 

6.5 

67 

14 

liters 
water 
per 9 
kilos 
soil 

o 

p p o b ^ io ^ 

CO So M O lO P 

Cn M o os o 

Un- 

treated 

soil 

Freewng point 
depression at 
optimum moisture 
content 

516 

120 

.220 

299 

7 

liters 
water 
per 9 
kilos 
soil 

®C. 

' j 

.861 

433 

633 

433 

.643 

14 

liters 
water 
per 9 
i kilos 

1 soil 

ohms 

2025 i 

1655 

4970 

4230 

Un- 
treated 
' soil 

1 

Specific Resistance 
(2.5®C ) 

1:1 Water Extract 

ohms 

1145 

705 

760 

7 

liters 
water 
per 9 
kilos 
soil 
i 

ohms 

275 

330 

310 

310 

480 

B ST JS 

ppm 

1575 

765 

1155 

1290 

1650 

7 

liters 

water 

pcr-9 

kilos 

soil 

Total 

Solids 

P P.M. Air Dry Soil 

Analyses of 1:5 Water Extracts 
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with the characteristic of high primary alkalinity, it is evident that 
the effect on the OH ion concentration of the soil varies significantly, 
depending on the soil. Soil ], a clay adobe, is already very alkaline 
and no appreciable changes occur in the OH ion concentration. Soil 
2, another clay adobe, of practically neutral reaction, is increased 
only slightly in OH ion concentration, even by the larger proportions 
of water. In soil 3, a silty clay loam, the effect on the alkalinity is 
more marked, but becomes excessive only in the case of water C, 
which has a high percentage of primary alkalinity as well as a high 
concentration value. The fine sandy loams, soils 4 and 5, are influ- 
enced very decidedly in their alkalinity even by a water of such low 
concentration as E. Some of the OH ion concentrations found in 
these sandy soils are very high from the standpoint of plant nutrition. 
In the beach sand and pure silica sand the maximum effects are ob- 
served. Clearly we may draw the general conclusion from the above 
data that, other conditions being equal, a far greater effect is produced 
on the alkalinity of a sandy type of soil than on that of a heavy soil. 

It may reasonably be assumed that the explanation of these ob- 
servations rests on the different chemical and physical composition 
of the various soils. Possibly in the soils containing large clay frac- 
tions chemical reactions take place between some of the silicates and 
the added alkaline salts, resulting either in precipitation or the for- 
mation of new silicate compounds. Surface adsorption also doubtless 
plays some part in the reduction of alkalinity noted. In the sandy 
soils these chemical and physical reactions are much less marked and 
the originity alkalinity of the irrigation water is therefore more 
effective in increasing the alkalinity of the soil solution. In the pure 
sand the alkalinity is simply the resultant of the chemical reactions 
taking place between the constituents of the water as evaporation 
proceeds, the final OH ion concentration being dependent on the state 
of equilibrium existing between CO3, HCO3, CO^, etc. 

We may next inquire how the measurements obtained by the use 
of the hydrogen electrode compare with results derived from titrating 
water extracts for CO3 and HCO3, with phenolphthalein and methyl 
orange as indicators. In only two cases are normal carbonates found 
in the soil extracts, even when the OH ion concentration of the soil 
is high. In the soils with the highest concentration of this ion are 
also found high values for the HCO3 titration, but there is no exact 
relationship. A very significant difference may be found in OH ion 
concentration without a corresponding difference in • titrations. Ah 
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agreement could scarcely be expected, inasmuch as the OH ion con- 
centration is the resultant of numerous factors which influence the 
dissociation and hydrolysis of the carbonates and silicates present, 
while the titration represents a total content of soluble alkaline salts 
capable of producing OH ion as the equilibrium changes during the 
titration. These considerations would suggest that the determination 
of the on ion concentration of the soil has greater value than the 
customary titration. By using the colorimetric method suggested by 
Gillespie^ in place of the hydrogen electrode the OH ion determination 
could be made more conveniently, perhaps, than the titration. It 
should also be considered that during the filtration through the 
Pasteur filter under added pressure of air (and CO^,) the relation of 
CO^ and HCO3 changed. 

The total concentration of the soil solution as evidenced by freezing 
point determinations is particularly affected by the waters having a 
high percentage of primary salinity. In this case also the nature of 
the soil is of great importance. The greatest effect is produced in 
the soils of lighter texture. The exact concentration, of course, is 
dejiendent upon the moisture content of the soil, for, "as Bouyoucos^ 
has shown, in heavy soils only a small proportion of the total water 
is present in the free state. With similar decreases in moisture con- 
tent, therefore, a much greater increase in concentration of solution 
may take place in a heavy soil than in a sandy one. The total solids 
in the extracts reflect fairly well the relative concentrations in the 
soil solution, although the freezing point depressions may frequently 
give a better picture of the probable injurious effects on plants, since 
it is the concentration of the soil solution and not that of the extract 
which is important. The total concentration of the extract may be 
estimated very conveniently by the conductivity method. 

In table 8 are presented data for a number of California soils 
commonly recognized as ** alkali’' soils. Comparisons may be made 
between these and the normal soils treated with the alkali waters. 
It will be noted that in a number of cases the comparatively limited 
amounts of water used in the experiment have brought about OH ion 
concentrations comparable with those found in the so-called black 
alkali” soils. The total concentration of salts is extremely high in 
a number of these soils and several times the quantity of the most 
concentrated water would have been necessary to reproduce this con- 
dition in the soils under investigation. These higher concentrations, 
however, are extremely detrimental or even fatal to plant growth. 
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^Freezing point determinations made at optimum moisture content. 
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It is now desirable to discuss the foregoing data from a general 
point of view and with reference to certain previous publications. 
Much of the earlier work in this field was due to Hilgard,® and many 
of the facts and ideas presented by him are still in use as a basis for 
judging the value of waters for irrigation purposes. It seems very 
necei^ary to modify these first teachings, however, in the light of 
more recent experiments. It is highly essential that the soil be con- 
sidered as a chemical system in which the effect of any water will be 
modified by the chemical and physical reactions in the soil. The 
views of Kelley® in this connection have already been referred to, 
and some experiments by Lipman and Gerieke*^ also suggest the 
necessity of considering the effect of the soil. These investigators 
found, by examining water extracts of a soil to which various alkali 
salts had been added, that less of Na^CO^t was recovered than of NaCl 
or Na 2 S 04 . Evidently it is not sufficient to calculate simply the 
quantity of sodium salts added to an acre of soil by a given number 
of inches of irrigation water. Such a method of calculation does not 
take into account the chemical and physical reactions in the soil nor 
the precipitations occurring when the water evaporates. 

The general statement is often made that an alkali water may be 
used without danger if the soil is of a well drained sandy type, but 
may become injurious when applied to a heavy soil. In view of data 
such as those presented in this paper it should be recognized that the 
possibility of injury may be much greater in a sandy soil than in a 
heavy soil unless the sandy soil is completely drained. If this drain- 
age is prevented by any underlying impervious strata it would seem 
possible that a condition distinctly injurious to many plants might 
be quickly produced in a sandy soil. This seems to be particularly 
true of waters tending to increase the OH ion concentration of the 
soil solution. That a relatively slight increase in OH ion concen- 
tration may be unfavorable to seedlings has been shown in a previous 
investigation.® 

The above conclusions have received confirmation in a recent article 
by Harris and Pittman.** In an extensive investigation in which 
freezing point determinations were made as well as analyses of water 
extracts it was shown that the soil exerts a most pronounced effect 
on the salts added, particularly in the case of NagCOa. In connection 
with calculations based on freezing point depressions made by the 
authors just cited, it may be useful to point out that it is not possible 
to compute the extent to which a given quantity of salt will increase 
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the depression of the freezing point in a soil of optimum moisture 
content, unless account is taken of the free and unfree water as 
proposed by Bouyoucos.^ Thus if the total moisture content is used 
in the calculations it might appear that the depression was greater 
than could be accounted for by the added salt, since the water effective 
for solution is less than the total water present. 

The data on whicli a correlation of injury to the plant and the 
composition and concentration of the soil solution could be based are 
very inadequate. Certain previous experiments” have shown that the 
environment for seedlings may become unfavorable with compara- 
tively slight increases in Oil ion concentration. High total concen- 
trations of any salts are unfavorable, but the exact relations between 
the ions which may bring about malnutrition of the plant remain 
to be worked out. In order to gain a preliminary idea of the effect 
of the total and of the Oil ion concentrations brought about in the 
various soils after treatment with the waters described in this paper, 
portions of the treated soils were placed in tumblers and germination 
tests wore made with barley and pea S(uh1s. The inhibiting effect of 
high OH ion concentrations was especially noted in this experiment. 
In certain cases still other factors might enter into the question; 
for example, there is a possibility that with higher coiujentrations of 
OH ion the solubility of Pe or PO 4 might be decreased, perhaps 
bringing about such low concentrations of these elements in the soil 
solution that the plant would be unable to obtain sufficient quantities 
for its nutrition. In brief, the whole field is so (*omplicated that it 
app<?ars advisable to investigate one by one such factors as admit of 
definite measurement. It is hoped that this paper may suggest certain 
possibilities in this direction. 
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SUMMARY 

1. A number of different waters of interest from the standpoint 
of irrigation have been applied to soils of several types. The effects 
on the freezing point depressions and on the OH ion concentrations of 
the soils have been determined. 

2. Waters with a high percentage of primary alkalinity applied 
even in moderate quantities produced greatly increased OH ion con- 
centrations. The effect was far greater in sandy soils than in heavy 
soils. 

3. Waters with a high concentration of alkali salts soon produced 
excessive concentrations in the soil solution as shown by the freezing 
point depressions. This was especially true of sandy soils. 

4. The determination of the OH ion concentration and freezing 
point depression of soils frequently may be more convenient in practice 
and more useful as a liasis of interpretation than the ordinary pro- 
cedures used in analyzing alkali soils. 

5. Any ajipreciable increases in Oil ion concentration of the soil 
(especially when exceeding Ph 8.5) appear to be injurious to seedlings. 

6. Tt is suggested that the geological method of classifying waters 
and the use of reaction values provide methods of expression which 
are very useful in interpreting the results of analyses of waters 
intended for irrigation i)urposes. 
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SECTION I 

The derivation of the Law of Probability may be found in any text 
on the subject. Here we shall assume its validity and use it to obtain 
the several quantities which serve as criteria in statistical calculations. 

In the fundamental equation 

y^ke-hV [ 1 ] 

there are two characteristic constants, k and hj whose numerical values 
must be known for a given set of data before we can proceed with any 
calculations. A simple and at the same time exact method of obtaining 
the numerical values for those constants forms the subject of this paper. 

Since y equals k when x equals zero, k is the probability of an error 
zero and will therefore be defined here as the largest number of measure- 
ments of a given set having the same numerical value; while y will 
denote any number of measurements whose group value ranges from 
zero to the group value of the number of measurements denoted by 
k or 2 / 0 . Equation (1) then becomes 

[ 2 ] 

2/0 

which by means of logarithms we have transformed into a linear equa- 
tion, 

Log (2.303 Log ^ ) = 2 Log X + 2 Log /i [3] 

Vn 

Log (Log ^ = 2 Logx + 2 Log/i ~ 0.3623 [4] 

Collecting 2 Log h and —0.3623 into one constant, we have, 

Log(Log|“) = 2Logx + K [5] 

'From the Division of Soil Chemistry and Bacteriology, College of Agriculture, 
TJnivA*sity of California, Berkeley. 




160 University of California FuhUoations in AgriouHurcU Sciences [Yol. 4 


If we now plot Log (Log 2 / 0 —Log y) as ordinate and Log x as abscissa 
with a slope of 2 all the measurements should theoretically fall on the 
straight line, provided the data are susceptible to statistical interpreta- 
tion — that is, provided they are truly chance data. Practically, how- 
ever, even such data fall on either side of the straight line. Drawing 
now the ^^best'^ straight line with a slope of 2 through these points, we 
can then read off the values on the line as accurately as we choose, 
depending upon the size of the scale of plotting, and construct a ‘‘theo- 
reticaF^ frequency curve for comparison with the experimental frequency 
curve obtained in the usual way; that is, by plotting the number of 
experiments in groups or classes against the measured values. Fre- 
quently yo does not fall directly over the arithmetical mean. In such 
a case the theoretical polygon may be shifted to the left or to the right, 
and this corresponds to the parallel shifting of the straight line from 
which the values for the construction of the theoretical frequency poly- 
gon have been obtained. Often this theoretical polygon reveals the 
fact that the arithmetical mean calculated from the “raw” data is not 
in all cases the “best” mean, for, as it frequently happens, one or two 
abnormal values will vitiate the mean considerably, especially if the 
number of experiments are not sufficiently large. We must, therefore, 
so superpose the two polygons as to make their areas approximately 
equivalent, since, as will be shown later, the areas play an important 
part in the calculation of the probable error. A concrete example will 
best illustrate the method of procedure. 

In a recent paper by Waynick and Sharp (1919) are given the nitrogen 
contents of a hundred samples of a local soil. The results are recorded 
to 0.001%, based upon ten gram samples, and therefore to 0. 1 mg. In 
figure I these one hundred results are mapped in groups or classes 0 . 1 mg. 
apart, the circles indicating the number of determinations falling into 
each class,^ Plotting these classes vertically to a scale of one-half inch 
per one determination, we obtain the multimodal curve drawn immed- 
iately above the circles. Evidently the analyses are too fine as com- 
pared with the variability of nitrogen in those samples of soil. The 
number of determinations were then grouped in classes 0 , 5 mg. apart, 
resulting in the next curve above. This curve bears some resemblance 
to a “frequency” curve, but is still unsatisfactory. However, such 
a curve is quite sufficient for the construction of a theoretical frequency 
polygon by our straight line method. In this case yo would equal 25 
and could b e made to fall directly over the arithmetical mean, 10.0 mg. 

*When the circles fall on a line dividing two classes, then if the humber of circles 
is even they are equally divided between the two classes; if odd, the extra one is put 
into that class which helps to make the experimental polygon most symmetrical. 
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Indeed, if we attempt to plot these data in classes very much farther 
apart than 0.5 mg., say 2.0 mg., we obtain a so-called skew curve, and, 
finally, we may obtain a line sloping in one direction only when we plot 
these data in classes 2.5 mg. apart. It is evident, therefore, that such 
skew curves are meaningless.^ In the present case when we plot the 
data in classes 1.0 mg. apart the curve skews’' but slightly. Here 
t/o falls directly over the arithmetical mean, and the one hundred deter- 
minations fall into four classes. With these four points on the curve, 
two on each side of the mean and approximately equidistant fi’om it 
we may construct the straight line as shown in figures VII, VIII and 
IX, where the values for Log (Log i/o—Log y) are plotted as ordinates 
and the values for Log x as abscissae, x denoting the residuals on either 
side of the mean without regard to algebraic sign. It should be noted 
that in drawing the ^^best” straight line with the theoretical slope of 2 
through such points proportionately less weight must be given to points 
taken from the experimental polygon near the base than to those taken 
from the upper portion of the curve. A little practice will soon enable 
one to judge at a glance which points are most significant. Having now 
obtained the ^^best” straight line, we may calculate any number of 
values for x by means of equation (5), namely: 

Log (Ix)g ) = 2 Logx + K, 

K denoting the distance on the Log (Log i/o— Log y) axis, or ordinate, 
from the origin to the point of its intersection by the ^4)est” straight 
line. In the present example i/o equals 40 and y may be taken anywhere 
from one to thirty-nine, but for the construction of the theoretical 
polygon six to ten values for y will suffice. These are showm in table 1. 

Discussion of the Figures 

Figure I has been fully discussed. Figure II is but another example 
of how to construct a theoretical polygon approximately equivalent in 
area to the experimental polygon. An interesting set of data is that 
mapped in figure III. Here the total nitrogen in each sample is so 
small that a few samples might have contained no measurable amount of 
nitrogen at all. The values for the construction of these two figures, 
II and III, were taken from a paper by Waynick (1918). 

The data mapped in figure IV are recorded in a paper by Batchelor 
and Reed (1918). Here as in figure III the theoretical polygon indicates 
that among the one thousand orange trees about three might have borne 

*A discussion of truly abnormal curves and their susceptibility to statistical 
interpretation will be given in another paper. See also section II of this paper. 
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no fruit at all had they been left wholly to chance. In fact one tree 
yielded but five pounds of fruit, which is practically zero, while another 
yielded 341 pounds, the mean of all the thousand trees being 137.6 
pounds of fruit. Two more interesting sets of data are those of Wood 
(1910) on the dry weights of mangel roots, and by Collins (1912) on 
butter fat. These results are mapped in figures V and VI. In figures 
VII, VIII and IX are shown the construction of the straight lines from 
the experimental data as previously described. Finally, in figure X 
are mapped the results of bacterial counts taken from a recent article 
in Science (1920). 

Calculation of the Index of Precision 

Turning once more to the straight line plots on figures VII, VIII 
and IX, we see that we may read off the values for K of equation (5) 
to any degree of accuracy, depending upon the size of the scale of the 
plot. On the above plots, 20x20 inches, the values for K can be read 
off accurately to three places of decimals, which is quite sufficient for 
most cases. With this value for X of a given set of measurements we 
can calculate the value for /i, the Index of Precision, as is shown in 
equation (5) where K was put in place of 2 Log A— 0.3623; hence, 

K -f 0.3623 

h = (l0) 2 fgj 

Calculation of the Probable Error 

The simplest way of calculating the. probable error is to take from a 
probability integral table the value for hx corresponding to the integral 
value This value for hx is 0.4769; hence, 

_ E + 0 .3623 

0.4769(10) 2 ~ [7] 

We might of course draw a straight line through every *^class^^ point 
parallel to the ^^best^^ straight line and so obtain a probable error for 
each class which, when meaned, would give an average probable error. 
However, in most cases the probable error obtained from the “best^^ 
straight line is more ac(;urate. 

A more instructive method of calculating the probable error is to 
make a tracing of the theoretical polygon, which is constructed from the 
values read off on the straight line plot, on reasonably uniform tracing 
cloth and then carefully cutting out the area under this curve, rolling 
it up and finally weighing it on accurate balances. The polygon is then 
unrolled and folded along the mode exactly in two and trimmed along 
the sides parallel to the fold by means of a photogriipher^s print trimmer 
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until it weighs exactly one-half of the original weight. Replacing now 
this trimmed tracing upon the original theoretical polygon, we may read 
off the probable error on the base of the polygon at the limit of the 
tracing. 


Calculation of the Probable Error op the Arithmetical Mean 

By means of the Principle of Least Squares it can be shown that the 

probable error of the arithmetical mean, Xo, is equal to the probable 

error (obtained from h) of one determination divided by the square 

root of the number of determinations, or, 

a; 0.4769 ^ K+ 0.3623 

( 10 ) 2 


Xq = 


Vn Vn 


TABLES OF RESULTS 

In the tables below are given in the first columns the number of 
determinations falling into each class, while in the last columns are 
given the values calculated by means of the straight lines for the con- 
struction of the theoretical polygons. The headings are self-explana- 
tory. The Roman numerals of each table correspond to the Roman 
numerals on the figures constructed from these tables. 
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Log (Log 
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Log X 

Log X 

X 

0 

+ 00 
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+ a> 
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1 

1.602 

+0 205 



+0.4375 

2 739 

3 

1.125 

+0 051 

2.0 

+0 301 

+0.3605 

2 293 

5 

0 903 

-0.044 



+0 3130 

2 056 

9 

0 648 

-0 188 

2 6 

+6.301 

+0 2410 

1.742 

15 

0.426 

-0 371 



+ 0 . 1495 

1 411 

20 

0 301 

-0.521 



+0 0745 

1 187 

22 

0 260 

-0 586 

1 0 

0 000 

+0 0420 

1.102 

26 

0.187 

-0 728 

1.0 

0.000 

-0.0290 

0.935 

30 

0.125 

-0.903 



-0 1165 

0 765 

35 

0.058 

-1.237 



-0 2835 

0 192 

40 

0.000 

— - OO 



GO 

0.000 
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0.350 

y 


Log (Log I”) 

X obs. 

Log X 

Log X 

X 

0 

+ » 

+ 00 



+ GO 

± GO 

1 

1.342 

+0.128 

1 7 

+0 230 

+0.239 

1.734 
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1.041 

+0.018 



+0.184 

1.528 

3 

0.865 

-0.063 

* 1.8 

+6 255 

+0 144 

1.392 

6 

0.564 

-0.249 



+0 051 

1.124 

8 

0.439 

-0.357 



-0.004 

0.991 

10 

0.342 

-0.466 

6.8 

- 6.697 . ' 

-0.058 

0.875 

15 

0.166 

-0.780 

0 7 

-0.155 

-0.215 
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19 

0.064 

-1.194 

0 . 2 , 

-0.699, 

-0.422 

0.378 


or 0.3 

or —0.523 



22 

0.000 

— OO 



— GO 

0.000 
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111 Calculated from 

iC- +0.260 
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Log (Log 

X obs. 

Logx 

Logo; 

X 

0 

+ 00 

. -}-00 



+ 00 

db«> 

1 

1.447 

+0.161 

1.15 

+6.061 

-0.045 
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2 

1.146 

+0.057 




-0.097 
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4 

0.845 

-0 073 

0.86 

-0 071 
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0.690 

7 
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-0.220 



-0.235 
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8 
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0.55 

-0.260 

-0.257 

0.553 

10 

0.447 

-0.350 



-0.300 
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15 
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-0.667 



-0.409 
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18. 

0.192 

-0.717 

6.35 

-6.456 

-0.484 
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21 
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0 25 

-0.602 

-0.577 

0.265 

25 

0.049 

-1.310 



-0.779 

0.166 

28 

0.000 

— 00 



— CO 

0.000 
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Log m 
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Log — 

Wo 

Log w 
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+ 00 



+ 00 


=t 00 
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SUMMARY TABLE 

In the table following the Roman numerals in the first column refer 
either to the tables or to the figures themselves; in the second, third and 
fourth columns are given the means the probable errors and the pro- 
bable errors of the means calculated by the new method. In the fifth, 
sixth and seventh columns are given the means, the probable errors 
and the probable errors of the means taken from the literature listed 
at the end of this article. 



By 

the New Method 

Taken from the Literature 





Probable 



Probable 




Probable 

error 


Probable 

error 


Tables Mean 

error 

of the mean 

Mean 

error 

of the mean 


I 

10.0 

0.68 

0.068 

10 

0.60 

0.060 

W. &S. 

II 

2.7 

0.47 

0.052 

2.7 

0.47 

0 052 

W. 

III 

0.65 

0.24 

0 026 

0.7 

0.24 

0.026 

W. 

IV 

137.6 

35 26 

1 12 

137.6 

37.0 

1.2 

B. &R. 

V 

14.5 

0.97 

0 08 

14.5 

1 1 

0.087 

Wood 

VI 

3.05 

0.140 

0.004 

3.07 

0.158o 

0.004 

Collins 

X 

15 0 

7.0 

2 0 




Science 


©This value is erroneous. Apparently an arithmetical mistake. 


SECTION II 

One of the fundamental postulates of the law of probability of errors 
is that positive and negative errors are equally frequent. This however 
is not generally true. It is true for example in military statistics where 
the deviations from the arithmetic mean are small. Thus in measuring 
the heights of soldiers the maximum deviation from the mean is never 
more than about one foot, while the height of the shortest soldier is 
about five feet. But if we wish to ascertain say the average number of 
children per family in the United States the frequency curve shows that 
some families may have negative children. For if ‘the average be four 
children per family, and we kfiow that some families have as many as 
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five times that number, then, according to the above postulate the 
frequency curve must include the count ^ero and beyond. This is 
typical of a great many cases and is rather the rule than the exception. 

Let us now once more examine some of the figures of the previous 
section of this paper. It is not only conceivable but very likely that 
some of the samples of soil of which the nitrogen contents are mapped in 
figure 3 might have yielded no measurable amount of nitrogen. But the 
frequency curve indicates that some of the samples might have contained 
a quantity less than zero. The same is true of the yield of oranges 
mapped on figure IV and of the bacterial counts mapped on figure X. 
It must not however be concluded from this that the law of probability 
of errors does not apply to these cases. It is the particular form of 
the mathematical expression for the law of probability of errors which 
does not apply. We have therefore sought an equation of such form 
that it should satisfy the postulates of the law of probability of errors 
and also agree with experience. This equation is 

2/0 

where m denotes the numerical value of any measurement and mo the 
value of the geometric mean.* The meanings of y, j/o and h are the 
same as those of the same quantities in equation (2). Equation (9) 
states that it is as likely or rather as unlikely that some values for m 
be zero as + <» ; that is, in either case 2 // 2/0 would equal zero. When 
m equals r/io, 2 // 2/0 equals 1 ; that is, the maximum probability is attained 
when the measured values do not deviate from the value of the mean. 
Transforming equation (9) into a rectilinear one, as has been done with 
equation (2), we obtain 

Log^‘’=2.303h* (Log^)“ [10], 

Log^“= K (Log-)* [11]. 

y ^ mo 

Whence A, the index of precision, equals y K/2 . 303, [12]. 

We may now proceed with the construction of the experimental 
polygons with the values given in columns 1 and 4 of tables Ilia and 
Xa, then find the “best^' values for K from the straight line equation 
(11) and finally construct the theoretical curves from the values given 
in columns 1 and 7 of tables Ilia and Xa. The curves so obtained are 
shown in figures Ilia and Xa. From these curves the probable errors 
may be calculated as described in section I. 

*For a mathematical discussion see Galton, and McAlister, Proc. Roy. Soc. Lond. 
29:366 (1879). 
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SUMMARY 

In section I of this paper, the usual mathematical expression for the 
law of the probability of errors has been transformed into a rectilinear 
form. With the aid of this equation, the statistical criteria for various 
sets of data may be very accurately calculated without previously find- 
ing, squaring, and so on, of the individual residuals, and thus may be 
saved an enormous amount of time and labor. 

In section II, it is shown that the mathematical expression for the 
law of the probability of errors generally used holds only where the 
percentage deviations from the mean are small. A general equation is 
then developed, of which the former is but a special case. For when the 
percentage deviations from the mean are small, that Is, when m is less 
than 2 mo, where m denotes the value of any measurement and mo the 
value of the mean, our general equation 

Yo 

may be expanded in series, thus: 

Neglecting all terms but the first on the right-hand side, we obtain. 



which is identical with the ordinary law of the probability of errors 
generally used, and most often misused, for, as has been pointed out, 
this equation holds only where the percentage deviations from the mean 
are small. 

Transmitted April 29y 1920. , 
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INTRODUCTION 

It is commonly recognized that, of the many different and varying 
conditions that affect life processes, temperature is one of the most 
important. The range of temperature at which certain important 
physiological processes may occur at all is relatively narrow, and 
comparatively slight temperature changes produce marked effects upon 
the velocity of other processes having more extended ranges. Although 
many biological investigators recognized the great importance of this 
subject, the more detailed study of the effects of maintained temper- 
atures on vital processes awaited the development of simple, adequate 
and inexpensive methods of artificial temperature control. In the 
earlier investigations of temperature effects upon organisms it was 
often impossible to maintain the desired constant temperature through- 
out sufficiently long periods of time to get results that might be con- 
sidered as related to maintained temperatures. In recent years a 
rapidly increasing number of papers reporting investigations on the 
effects of maintained temperatures upon differc^'nt physiological pro- 
cesses is an indication that more attention is now being given to this 
subject. There is still, however, a great lack in our knowledge in this 
field, especially as regards plants. On certain animal processes some- 
what more work appears to have been done, though even in this field 
much remains to be accomplished. 

It should be remembered in this connection, also, that the subject 
of the temperature responses in living things involves problems more 
complicated than those just suggested as having to do wdth maintained 
temperatures. Most organisms (aside from warm-blooded animals) 
are never exposed, in nature, to maintained temperature for any con- 
siderable period of time ; their temperature environment is practically 
always in a state of flux. From this it follows that a knowledge of 
the relation holding between maintained temperatures and vital pro- 
cesses, no matter how thorough such knowledge may be, can not be 
expected to be a complete basis for an interpretation of physiological 
processes going on under natural conditions. In order to obtain a 
more adequate basis for such an interpretation suitable methods need 
to be devised for dealing also with rate of temperature change as an 
environmental condition, aside from the degree of temperature itself. 
The experimental aspect of this phase of physiolopcal and ecological 
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temperature relations remains practically untouched as yet. It is 
almost unmentioned in the literature as a serious consideration, al- 
though MacDougal (1914) has called attention to its great importance. 
It is clear, at any rate, that the problem of temperature influence 
upon organisms falls readily into two fundamentally related but super- 
ficially different portions, one dealing with maintained temperature 
and the other with fluctuating temperatures. Practically all the con- 
trolled experimental work hitherto published deals with the first por- 
tion of the problem, and it is in this same category that the present 
investigation lies. Indeed it seems unwise to attack the problems 
related to fluctuating temperature until a more thorough appreciation 
has been gained concerning the general principles underlying the 
influence of maintained temperatures upon vital processes. It was 
with the aim of throwing additional light on some of the principles 
underlying the effects of maintained temperatures on the growth of 
certain fungi that the investigation reported in this paper was under- 
taken. 

Filamentous fungi were used because they are eomi>aratively simple 
organisms whose growth rate may be easily measured, because they 
lend themselves readily to culture in darkness and because, each cell 
being in direct contact with all features of its environment, their 
relation to their surroundings is simple and close. The four forms — 
Pythiacysiis cifrophthora Smith and Smith, Phylophthora terrestria 
Sherbakoff, Phomopsis citri Fawcett and Diplodia natalensis Evans — 
were used, all of tliem being i)arasitic on citrus trees. These were 
known to grow well on certain prepared media and some evidence was 
at hand showing that they differed from one another as regards their 
temperature relations. 

Another reason for selecting these four citrus parasites was the 
possibility that their pathogenic activities might be influenced by 
climatic temperature conditions. It was thus possible that a study 
of their tempeffature relations might throw some light upon their 
probable occurrence and upon methods of combating them. General 
observations in connection with many diseases due to plant parasites 
have indicated that temperature is a very important factor in their 
prevalence in any given st'ason or in any given region. N. E. Stevens 
(1917) has shown that the rate of increase in diameter of chestnut 
blight cankers is closely related to temperature. Edgerton (1915) 
has emphasized the apparent relation of temperature conditions to 
the occurrence of certain plant diseases in subtropical climates. He 
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is convinced that the absence of anthracnose in beans grown at certain 
seasons in Louisiana is due to the fact that the average temperatures 
for the seasons when the disease is absent are too far above the opti- 
mum for the growth of the pathogenic fungus. The writer (1917) 
has previously referred to the limited geographical distribution of 
melanose due to Phamopsis citri, one of the fungi here studied, and 
has suggested that temperature conditions may be among the important 
factors limiting its distribution. Humphrey (1914) came to the con- 
clusion that temperature differences in various localities in the state 
of Washington largely determined the differences in distribution and 
severity of the tomato wilt induced by Fusarium oxysporum, Tisdale 
(1917) has shown for Fusarium wilt of flax that the temperature at 
which the host is most injured by the disease corresponds to that 
favoring the maximum growth of the parasite in cultures. 

For many parasitic organisms it is probable that the temperature 
range within which serious infection of their hosts may occur natur- 
ally is comparatively small. Temperature differences and differences 
in moisture conditions may largely account for many of the striking 
differences observed in the occurrence of many plant diseases from 
season to season and from one region to another. Many other obser- 
vations aside from those given above might be mentioned in this con- 
nection, but it seems to be clear enough that the pathological or 
agricultural point of view demands much more thorough knowledge 
than we yet have concerning the temperature relations of parasitic 
fungi. It was thus thought that the results obtained in the present 
study might ultimately be of value in pathological work. 

Considering the limited time available for this study, it appeared 
better to confine the experimentation to the four forms mentioned 
above and to subject the results to a critical study than to include a 
larger number of forms, with the accompanying necessity of treating 
the results in a more superficial manner. Our knowledge regarding 
the physiology of fungi, as well as that regarding plant temperature 
relations, may be increased first by intensive studies of a few forms. 
After the main principles have been worked out for certain selected 
forms it may become largely a matter of routine to compare a large 
number of organisms with respect to the principles previously worked 
out. The four fungi here to be considered seemed to offer oppor- 
tunities for intensive study, and they also furnish valuable material 
for comparisons. 
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As naturally follows from the general concept of conditional con- 
trol of physiological processes (Verworn, 1912), the relation of the 
process studied to any given condition is determined not only by the 
given condition but also by the remaining conditions. For example, 
if the temperature relations of a given organism are to be dealt with 
they must necessarily be stated together with as definite a description 
as possible of the non-temperature conditions that are supposed to be 
effective. To state that the mycelial mat of a given fungus was ob- 
served to enlarge more rapidly at one temperature than at another 
means little, unless it be also stated just what sort of medium was 
employed; just what was the length of the time period; just what 
relation this time period had to the beginning of the test ; just what 
the radiation conditions were, etc. By altering the non-temperature 
conditions the relations of a given process to different maintained 
temperatures may be profoundly altered. ^To illustrate still more 
concretely: Lehenbauer (1914) found that the optimum temperature 
for elongation of the shoots of maize seedlings in his experiments was 
30® C. when the exposure period was 6 hours, and the corresponding 
optimum temperature for an exposure period of 12 hours was 32® C. 
If Lehenbauer ^s twelve-hour period of exposure be divided into four 
periods of three hours each, and if the optimum temperature be calcu- 
lated from his data for each of these four successive periods separately, 
the optima are found to be 30®, 31®, 31°, and 32® C. respectively. 
Obviously, any i3hysio]ogical process must be regarded as controlled 
by all the effective conditions acting together. The conditions that 
influence the rate of growth of a fungus in a culture may be roughly 
classified in five groups as follows: 

(1) The nature of the fungus, which implies its internal condi- 
tions — everything that goes to make it the particular organism that 
it is. This set of internal conditions is vaguely and partially indi- 
cated by the name of the fungus, with an implied morphological con- 
cept of its form and development, to which the name refers. But it 
is well known that the same species of fungus may develop quite 
different complexes of internal characteristics under different sets of 
environmental conditions. For this reason it is of the greatest im- 
portance to include not merely a morphological description but defi- 
nite information concerning the previous history of the experimental 
organisms. 

(2) The nature of the medium, implying all the physical and chem- 
ical properties of the space about the hyphae, their, environment. For 
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the most part, the conditions of the medium (aside from temperature 
and radiation) involve the concentration of numerous chemical sub- 
stances such as oxygen, carbon dioxide, starches, sugars, acids, inor- 
ganic salts, etc. 

(3) Temperature conditions. Since the temperature of the hyphae 
follows closely that of the medium and since the latter follows closely 
the temperature of the more distant surroundings of the culture, it is 
conventional to consider the temperature of these surroundings as 
constituting a condition in itself. After all, however, it is the tem- 
perature of the fungus hypha that directly influences its rate of 
growth, not that of the medium, culture dish or chamber about the 
dish, etc. But, since the temperature of all these spaces is practically 
the same, this last distinction has generally been ignored. The tem- 
perature conditions for two cultures may differ in several ways. If 
they are maintained temperatures, they may differ in degree or in- 
tensity alone, and we may express them in terms of degrees on some 
thermometer scale. If they are not maintained temperatures, they 
may differ {a) as to the particular temperatures with which the cul- 
tures were started,,' (6) as to the direction of variation during a given 
period (whether tlie temperature became higher or lower with time), 
and (c) as to the time rate of temperature variation. It is clear that 
this rate of change in temperature may itself be constant, or may vary 
throughout a given time period. When only maintained temperatures 
are to be considered, as in the present study, the only differences to be 
dealt with between any two cultures are those of degree or intensity 
as measured in terms of centigrade, etc., degrees. 

(4) Radiation conditions, involving the various groui)s of wave- 
lengths of radiation and the relative and absolute intensities of each 
group. Up to the present time most biological discussion has ignored 
most of the wave-lengths of radiation excepting the small group com- 
monly designated as light. Since the cultures of the present study 
were uniformly carried out in darkness and in chambers around which 
a mass of water was continuously circulating, radiation conditions 
will not require attention here. 

(5) The duration condition, implying the length of time during 
which the organism is subjected to the other conditions. From one 
point of view every condition has a duration factor, but when most 
of the conditions are maintained, or practically so, the duration factor 
is common to all, and we may regard it as a separate condition. , More- 
over, as far as the present investigation is concerned, this duration 
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condition may be divided into two parts, each one of which may be 
considered as a separate condition: (a) the actual length of any 
interval of time considered, and (6) the location of this time interval 
in the entire culture period reckoned from its beginning. If the lime 
period be always reckoned from the beginning, the second aspect of 
the duration condition may be neglected and only the length need be 
considered, as is done in the first part of the discussion of the present 
investigation. When, however, changes in rate of growth are studied 
with reference to the age of the culture, the location of the observation 
period within the culture period, as well as its length, come to be 
important, and these may be regarded as two different duration con 
ditions, as is done in the latter part of the discussion to follow. 

To illustrate all these conditions in detail, a certain fungus, Pythi- 
acystis (condition 1) is surrounded by nutrient agar (condition 2), 
and subjected to a maintained temperature of 23° C. (condition 3), 
in darkness (condition 4), and it exhibits an average grow’th rate of 
8.0 mm. per day for a period of three days after inoculation (con- 
dition 5). 

In the example just given, the observation period begins wdth the 
beginning of the culture x>^riod. An observation period, however, 
need not begin with the beginning of the culture period and may not 
be continued to the end of the culture period. Thus two observation 
I)eriods may be alike in length, say two days, but they may still have 
entirely different relations to the beginning of the culture period, so 
as to constitute, in a sense, distinct duration conditions. Of course, 
this state of affairs is to be related to changes that go on within the 
organism, with the lapse of time, even though all physical and chem- 
ical environmental conditions are assumed to be maintained without 
alteration. The organism is generally not exactly the same at the 
moment of inoculation of a culture as it is a day later, four days later, 
etc. This consideration introduces one of the most perplexing features 
of the whole study of maintained temperatures as related to vital 
processes, and considerable attention will be devoted to it in the later 
sections of this paper. 

From the points mentioned in the preceding paragraphs it is, of 
course, clear that no very definite knowledge of the various environ- 
mental influences, as they act to conIJi'ol the physiological processes 
of any organism, may be expected from physiological tests in which 
any of the effective conditions are allowed either to vary or to differ 
in unknown ways. As long as the conditions differ only in known 
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ways from one culture to another, or as long as they vary only in 
known ways in the same culture, there is hope of advancing our 
knowledge of environmental influences. 

In order that the inoculum for each series should be as similar as 
possible to that of any other series, the four species were kept in the 
dark in stock tube cultures with ordinary corn-meal agar and at a 
temperature ranging from about 16 ® to 18 ® C. Prom these primary 
stock cultures inoculations were made at frequent intervals, on agar 
plates of the same kind of medium and kept at the above temperature 
range. These plates formed the secondary stock cultures. The mar- 
ginal region of a mycelial disk of a secondary stock culture (about five 
days after inoculation) furnished material for inoculating the experi- 
mental cultures of that fungus. The inocula for each species were 
fairly similar, therefore, with respect to parentage, age, vegetative 
activity, etc. Practically the same amount of inoculating material 
was always transferred to each experimental culture. It is conse- 
quently safe to suppose that all experimental cultures of the same 
fungus were practically alike at the beginning, no matter when they 
were made. ^The four fungi used furnish, for the whole study, four 
different sets of initial complexes of internal genetic conditions. Pro- 
gressive variation in the internal conditions of the fungus is one of 
the features taken into consideration and will receive attention in later 
sections. 

Although several different media were employed in certain aspects 
of the experimentation, only one (corn-meal agar) will be considered 
in the present paper. Special precautions were taken to have this 
medium as nearly as possible the same at the beginning of all cultures, 
no matter at what time they were started. The consistency of results 
obtained by repetition showed that this aim was practically attained. 
It was also shown by special tests on one of the fungi (Pythiacystis) 
that the unoccupied medium did not considerably alter during the 
period of any single culture. It therefore seems safe to suppose that 
the medium was always the same at the beginning of all cultures, and 
also that the medium remained practically unaltered during the pro- 
gress of any culture, at least until it was reached and passed by the 
enlarging weft of hyphae. Unquestionably the medium occupied by 
the mycelial disk suffered alterations in composition, but it was not 
apparent that such changes influenced the rate of growth of marginal 
hyphae. 
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Since the elongating hyphae lie largely near the aerial surface of 
the agar plate, while some are partially in contact with the air space 
above, it is well to consider the aerial environmental conditions, as 
well as those within the agar medium itself. Aside from temperature, 
the air conditions in the culture dishes above the agar were sensibly 
the same in all cultures at the start, except that the pressure of water 
vapor was, of course, different for cultures exposed to different tern- 
peratures. Since the air-space of the culture dish was always practi- 
cally saturated with water vapor, the pressure of the water vapor 
would nearly follow the equilibrium vapor pressure of water at the 
various temperatures. The unsealed dishes allowed a slow escape of 
water vapor and, consequently, a slow evaporation from the agar sur- 
faces during the culture period, the rate of water loss being somewhat 
greater at higher than at lower temperatures. Different maintained 
temperatures, therefore, were automatically accompanied by slightly 
different rates of variation in the water content of the yet unoccupied 
medium. Such variation may be neglected in this case, however, since 
it was shown by special tests that variations even larger than those 
that actually occurred in the experimental cultures had no appreciable 
influence on the rates of growth of the fungi. 

As has been said, the temperature conditions were always artifi- 
cially maintained, with a very small degree of fluctuation throughout 
any given culture period. The radiation conditions are regarded as 
nonexistent in these tests. Light (and radiation of still shorter wave- 
lengths) was always excluded and the stirring apparatus operated to 
prevent any one-sided action of long-wave radiation upon the cultures. 

The duration condition offers no particular difficulty in such w’ork 
as this. Since the experimental cultures are all regarded as alike at 
the time of inoculation, the duration conditions may be regarded as 
beginning to operate from the beginning of this culture period, the 
time of inoculation being considered as zero time. If either the length 
of the culture period or the time between observations for any culture 
is different from that for another, this fact is, of course, quantitatively 
shown by the inoculation intervals between successive observations. 

From the preceditrg discussion it will be observed first that the 
research at hand was so planned as to involve the actual or assumed 
control, during the respective culture periods, of all the groups of 
effective conditions except internal ones, and second, that the only 
conditions considered as effectively different from culture to culture 



of California Fublicaiions in Agricultural Sciences [Vol. 4 


arq; (1) the nature of the fungus used (initial internal conditions), 
(2) the rate and direction of physiological alteration within the 
organism, and (3) maintained temperature. 

The following scheme may serve to show the sorts of terms that 
enter into the interpretative comparisons that may be made for an 
investigation of this kind : 

A. C0MPAE180N OF CULTURES OP THE SAME FUNGUS 

1. Internal conditions (genetic constitution and physiological state of fungus). 

1. Initial conditions, alike for all cultures of same fungus. 

2. Direction and rate of physiological alteration during culture period, may 
be different from one set of cultures to another. This alteration always 
to be stated as within the limits prescribed by: 

(o) The initial internal conditions, and 

(6) The external conditions. 

II. External conditions (environment). 

1. Initial environmental conditions, except temperature, considered alike for 
all cultures of same fungus. 

2. Initial temperature conditions different from one set of cultures to another 
set. 

3. All environmental conditions assumed to be maintained at their initial 
values throughout the culture periods. 

* 

B. COMPARISON OF (mLTURES OF DIFFERENT FUNGI 

I. Internal conditions (genetic constitution and physiological state of fungus). 

1. Initial internal conditions different for four different fungi. 

(a) As to genetic constitution (whose capabilities are roughly indi- 
cated by taxonomic description). 

(&) As to physiological state, because of different reaction of different 
fungi to essentially identical preliminary environmental conditions. 

2. Direction and rate of physiological alteration during culture i)eriod, may 
be different from culture to culture. This variation always to be stated 
as within the given limits set by the initial internal conditions and the 
external conditions, as above. 

II. External conditions (environment). 

1. Initial environmental conditions, except temperature, considered alike for 
all cultures. 

2. Initial temperature conditions either alike or different from culture to 
culture. 

3. All environmental conditions assumed to be maintained at their initial 
values throughout the culture periods. 

The study here reported is thus seen to comprise five different 
studies. The influence of maintained temperatures on the growth rate 
of each of four fungi was measured, under the given non-temperature 
conditions, which are considered as initially alike, and under the given 
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initial internal conditions also considered as alike for all cultures of 
the same fungus. The fifth study comprises the comparison of the 
four fungi as to their temperature relations under the given set of 
non-temperature, external conditions. 

The investigation reported in the present paper was carried out 
during the period between October, 1916, and June, 1918, in the labor- 
atory of Plant Physiology of the Johns Hopkins University. The 
author wishes to express his thanks to Dr. H. J. Webber and the 
University of California for arrangements that made it possible for 
him to be absent from the Citrus Experiment Station during the 
period just named. lie also wishes to record his appreciation of the 
privileges and facilities accorded him by the Johns Hopkins University, 
including a Johnston scholarship in that institution. Finally, he 
desires to acknowledge his indebtedness to Professor B. E. Livingston 
and to Dr. H. E. Pulling, of the laboratory of Plant Physiology of 
the Johns Hopkins University, for much valued aid and criticism iq 
connection with the planning and carrying out of the experimental 
part of this study and in the interpretation and presentation of the 
results. 


METHODS 
The Culture Medium 

The corn-meal agar employed in these experiments was prepared 
according to the procedure described by Shear and Wood (1912), 
using 20 gm. of corn meal and 15 gm. of agar shreds for each liter of 
water. More water was added before the final filtering, so that there 
was one liter of the medium for each 20 gm. of corn meal originally 
used. 

The exact chemical and physical nature of such a culture medium 
can not, of course, be stated. It undoubtedly contains a large number 
of inorganic salts and a still larger number of organic compounds, all 
in rather low concentration. It also contains various substances in a 
state of suspension, and, since it has more or less the nature of a gel, 
there is no marked tendency for these to precipitate out. Since the 
time available for this study was limited, it was decided to make no 
attempt to devise a nutrient medium of known composition or even to 
find out what any of the media commonly employed by mycologists 
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may contain. In order to be able to proceed immediately to the prob- 
lem of temperature influence, the whole matter of nutritional condi- 
tions — ^a very important one in itself — was ignored. All that was 
done in this connection was to be sure that the medium employed 
would support what appeared to be excellent growth of all four fungi, 
and to take precautions so that practically the same medium might 
always be used throughout the entire study. Since corn-meal agar 
is an infusion of com meal and agar-agar shreds, both of them ex- 
ceedingly complicated, unknown, and variable materials, it was feared 
that diiferen^ samples of the medium might be very different. And 
an attempt was made to avoid this danger by preparing enough medium 
at the beginning for the entire investigation, mixing it thoroughly 
in a single container and then preserving it in bottles for future use. 
That the infusion itself might alter with time was, of course, possible, 
but various repetitions of the experiments indicated clearly that such 
alteration — if it occurred — was not of such nature and magnitude as 
to alter the growth of the fungi when other conditions were the same. 

Since the amount of medium necessary for the entire study could 
not well be prepared in a single day, about eight litei*s were made at 
a time, until about 48 liters were ready. The entire amount was then 
liquefied by heat, placed in a 20-gallon earthenware vessel and thor- 
oughly mixed, after which it was poured into liter bottles. The 
mouths of the bottles were then plugged with cotton in the usual way 
and the bottled medium was immediately subjected to a temperature 
of 115° C. for 15 minutes. This heating was repeated on the two 
following days, after which the tops of the cotton plugs were flamed 
and covered with several thicknesses of paraffined paper, tied tightly 
around the bottle neck. The bottles of medium were stored in dark- 
ness at a temperature of about 18° C. When a lot of cultures were 
to be made the required number of bottles of medium were removed 
from storage, brought into the liquid condition by heating in the auto- 
clave, and used in the ordinary way for pouring the plates. About 
15 c.c. of medium was used in each culture dish. It was found by 
test that this amount might be increased or diminished by as much as 
3 c.c. or more without perceptibly influencing the growth of the fungi. 
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STOCK CULTUBES 

The original sources of the fungus materials were as follows: 
Pythiacystis citrophthora, isolated by the author from the diseased 
bark of a lemon tree suffering from gummosis, at Whittier, California, 
in August, 1915; Phytophthora terrestria, also isolated by the author 
from the diseased bark of a citrus tree suffering from mal di gomma, 
at Palmetto, Florida, in January, 1914; Diplodia natcUensis, isolated 
(by Mr. J. M. Rogers) from a citrus tree in the Isle of Pines, W. I., 
and received by the writer in the fall of 1916; and Phomopds citri, 
received from H. B. Stevens, from Florida, in October, 1916. All 
four fungi had been cultivated under the same conditions, in tubes 
of corn-meal agar, in darkness at from 16° to 20° C., for at least nine 
months previous to the beginning of the experiment. During that 
time transfers to new tubes of media had been made at intervals of 
about six or eight weeks. These cultures may be termed the primary 
stock cultures in this study. The four fungi, therefore, had each been 
subjected for at least nine months, to the same environmental condi- 
tions. They had also been grown in the same kind of medium as that 
into which they were now to be introduced for the temperature ex- 
periments. 


THE EXPERIMENTAL CULTURES 

Approximately five days before the starting of each series of ex- 
periments several cultures of each fungus were started, by transferring 
small bits of medium containing mycelium from a primary stock cul- 
ture to the center of the agar plates. These were the secondary stock 
cultures, and were kept in darkness with a temperature of about 
20° C. for about five days previous to the making of the experimental 
cultures. Little plugs or disks were cut out of the agar plate just 
behind the advancing margin of the circular growth area of one of 
these five-day secondary stock cultures. The disks were 2.5 mm. in 
diameter and about 1.5 mm. thick. They were cut out by means of a 
cylindrical platinum cutting device like that described by Keitt (1915) . 
Each disk was lifted on the flattened end of a platinum needle and 
was then inverted and placed centrally upon the surface of a new 
agar plate. The petri dishes used were 10 cm. in diameter and 1 cm. 
deep ; each contained approximately 15 c.c. of corn-meal agar, which 
had been poured hot and allowed to solidify before the transfers were 
made. After inoculation the experimental cultures were divided into 
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seven similar groups, and one of these groups was placed in each of 
the seven chambers of the temperature-control apparatus. The cul- 
tures of any given species always occupied the same relative position 
in all the chambers and in all the series. This precaution was ob- 
served so that any possible difference in temperature between the 
upper and lower portions of the chamber would not render the mea- 
surements of the different lots of the same species incomparable. But 
such differences in temperature between different parts of any one of 
the seven chambers proved to be slight (less than 0.5*^ C. between the 
top and bottom of a chamber). The cultures of Pythiacystis citroph- 
thora and Phytophthora terrcstria occupied a position, on the rack in 
the chamber, at nearly the same level as the bulb of the thermometer 
from which the temperature records were taken. The cultures of 
Phomopsis citri were about 15 cm. below and those of Diplodia nata- 
lensis were about 15 cm. above the thermometer bulb in each case. 


Observations on Growth 

As the hyphae grew out in all directions from the center of the 
plate a rounded mat or mycelial disk was formed on or near the 
surface of the medium. This disk remained practically circular, as it 
enlarged, for both Pythia^ijstis citroph thora and Phomopsis citric 
forming a nearly perfect circle at all stages of enlargement. The 
mycelial disks of Diplodia natalensis aiul Phytophthora terrestria were 
often slightly irregular in form or i^atlnn* ev(;n]y lobed, especially at 
the higher temperatures used. No irregularities in growth, such as 
bring about zonation in mycelial mats of many fungi, were observed 
in any of the cultures with maintained temperatures. In special tests, 
however, in which the fungi were grown for a certain time in one 
temperature and then transferred and grown in a markedly different 
temperature, such zonation was pronounced. 

Observations were made at daily intervals for a culture period of 
from four to six days. The chief matter of observation was the mean 
diameter of the disk, which was obtained by averaging two measure- 
ments of different diameters, selected to represent the disk as a whole. 
When the margin of the enlarging disk was clear and definite these 
measurements were made by means of a thin millimeter scale applied 
on the bottom of the Petri dish outside. In other cases the Petri 
dishes were inverted and the length of the mycelial outgrowth was 
measured by means of a microscope with an ' ocular micrometer. 
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j Measurements with the millimeter scale were read to within 0.5 mm. 
This was deemed sufficiently precise for the purpose. 

Since none of these fungi produced anything but vegetative hyphae 
during the culture periods employed and the growth activities were 
not complicated by the formation of any reproductive bodies, these 
measurements of the mycelial disks and the daily increments of disk 
enlargement derived from them appear to furnish as satisfactory a 
criterion of physiological activity in general as might be found. The 
only other criterion for such comparisons as these, and that hitherto 
generally used by physiological workers, is the rate of production of 
mycelium measured on the basis of dry weight; the employment of 
this criterion offers great practical difficulty when agar medium and 
short culture periods are used. 

At the time of observations, each chamber was opened for a frac- 
tion of a minute to remove just one group of cultures, all the cultures 
being alike. These dishes were immediately wrapped in cotton bat- 
ting, to exclude light and prevent very rapid temperature changes. 
Each dish was removed from the wrapping for a minute or less, while 
the observations w^ere made, and was then returned to the wTapping. 
After all the cultures of the group had been observed the entire group 
w^as replaced in its temperature chamber and another group W'US taken 
out for observation. The time required for the entire operation of 
removing, measuring, and replacing a group of 10 cultures averaged 
less than 1 0 minutes. 

The opening of the chambers for removing and replacing the groups 
' of cultures had very little effect upon the temperature of the chamber 
; its(df. The thermographs in the chambers usually showed the occur- 
^ rence of this series of momentary openings by a slight rise or fall of 
the pen tracing, producing short vertical lines, each representing a 
degree or l(*ss of practically momentary alteration in the temperature 
of the chamber. 

Several tests W(‘re carried out to determine whether the daily dis- 
turbance of the maintained temperature, caused by removing the 
cultures for observation, might exert any appreciable influence on the 
growth of the fungi. These tests showed that the amount of growth 
^ observed after several days was practically the same wdiether the cul- 
tures had been left in the chamber for the whole period or had been 
removed for daily observation in the regular way. These daily dis- 
turbances of the maintained temperature are considered negligible in 
the present study. 
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The Maintained Temperature Chambers 

The various temperatures employed in the experiments here consid- 
ered were maintained by means of an apparatus described by Livings- 
ton and Fawcett (1920). This apparatus consisted essentially of seven 
experiment chambers about 33 cm. in diameter and 43 cm. deep, each 
one surrounded below and at the sides by a large mass of water. Light 
was excluded. The air of the chamber and the water around it were 
kept in constant circulation by mechanical stirrers. The seven cham- 
bers were built in a row, with the water jacket of each in contact with 
that of the next, except for a sheet-iron partition which kept the 
several masses of water entirely separate. A tank of mechanically 
stirred water having automatic temperature control wajs added at either 
end of the series of experiment chambers and the entire apparatus was 
well insulated from the surroundings. The two ends of the series 
were adjusted for any two desired temperatures. Between these, 
after equilibrium had been established, lay the maintained temper- 
atures to be studied, each of which differed from the next by a certain 
amount, depending on the position of the chamber in the series. The 
daily fluctuations in any chamber were only rarely more than 0.5° C. 
Access to the chambers was had from above, and, of course, the main- 
tained temperatures of the cultures were slightly disturbed by opening 
for observations, as has been noted. 


STRUCTURAL DIFFERENCES RELATED TO TEMPERATURE 

Microscopic observation of the fungus hyphae near the margin of 
the mycelial disk was made occasionally, at the time of measuring. 
Since no spores were produced in any of the experimental cultures in 
the time here recorded^ vegetative growth alone can be considered. 
The only structural differences observed between different cultures of 
the same fungus consisted in more or less marked peculiarities in 
cultures that had been exposed to very high or very low temperatures. 
Within a range of maintained temperatures extending downward about 
12 degrees or 15 degrees centigrade below a temperature slightly above 
the optimum temperature for enlargement no influence of temperature 
on structure was noticeable. Within this range the hyphae were of 
regular and simple form and the branching was regular. 
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With temperatures near the maximum point at which any enlarge- 
ment would occur, the outgrowing hyphae were of irregular shape, 
bent and twisted, with occasional swellings and usually with apical 
enlargements. The hyphal diameter was usually much larger than 
that of hyphae with more favorable temperatures for enlargement, 
and these thicker irregular hyphae showed contents that appeared dar^ 
colored and granular, in contrast to the smooth, clear appearance of 
the cell contents for cultures with the more favorable temperatures 
for enlargement. The granulation was frequently pronounced and 
refraction was such as to give the whole hypha a very dense appearance. 

With the lowest maintained temperature tested (7.5° C.) the hyphal 
diameter for Pythiaeystis and Phytophthora was much greater than 
with temperatures within the favorable temperature range. The 
hyphal contents for these low-temperature cultures was only slightly 
granular. The low-temperature filaments of Pythiaeystis were much 
swollen and were divided into many short, thick, club-shaped branches ; 
those of Phytophthora showed a series of swollen joints. These low- 
temperature cultures of Phomopsis showed filaments somewhat smaller 
in diameter, with less frequent branching, than those of cultures grown 
with favorable temperatures for rapid enlargement. In Diplodia the 
diameters of the hyphae were also somewhat smaller at 7.5° C. than at 
more favorable temperatures for enlargement. 


THE EXPERIMENTAL DATA 

As previously noted, the temperature apparatus contained a bat- 
tery of seven chambers, so that seven different maintained temperatures 
could be employed at one time for a given series of cultures. After 
preliminary tests the apparatus was so adjusted as to give the main- 
tained temj>eratures that promised to be most useful. Two diameters 
of each mycelial disk were measured at the end of each 24-hour period 
during the experiment. The average of these two measurements was 
taken to represent the average diameter for a given culture at the 
time of measurement. From this average diameter at the end of the 
first 24-hour period the diameter of the transplanted cutting (2.5 mm.) 
was subtracted and the remainder was taken as the value for the 
increment of enlargement for this first observation period. The 
difference between the average measurement for the end of the first 
and that for the end of the second 24-hour period represented the 
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increment of enlargement for the second 24-hour period. Increments 
for the subsequent periods were obtained in a similar way. All the 
culture averages for a group of like cultures in the same chamber 
were finally averaged to give the group mean. These group means 
were taken as relative measures of the rates of radial enlargement for 
the different fungi, different time periods, and different maintained 
temperatures. 

In tables I-IV are presented the group means for the four fungi, 
for the different maintained temperatures, and for the different 24- 
hopr observation periods, as well as for the first 2-day and the first 
3-day periods. In cases where a considerable number of data are at 
hand for culture periods longer than three days the group means are 
given for the first 4-day, first 5-day, etc., period after jp^oculation. The 
number of cultures employed in the derivation of these group means 
is also indicated in each case in parentheses. The rates given in tables 
I-IV do not always represent single series. In ‘many cases the same 
maintained temperature was tested at different timers for the same 
fungus, and all the measurements available for any fungus and tem- 
perature have been used in deriving the mean rate for that fungus 
and temperature, without reference to the particular series of tests 
in which any group of measurements may have occurred. Also, the 
data in any vertical column of these tables, representing the enlarge- 
ment rates for the respective maintained temperatures indicated in the 
first column, do not all represent the same series. 

Thus a test for a given maintained temperature may have been 
made in July and repeated in August and the two sets of data com- 
bined for the particular fungus and temperature in question. Many 
repetitions of this sort were made, involving the same tnaintained 
temperature in different experimental series, and the growth rates of 
similar cultures in different series usually agreed as closely as did 
those of duplicate cultures of the same series. This indicated that 
the initial fungus materials and nutrient medium used did not ap- 
preciably alter during the period of the investigation. It will be 
noticed that the number of cultures (shown in parentheses) after 
each rate in the first part of the tables usually decreases after the 
second or third consecutive exposure period. This is due to the fact 
that some of the cultures in each temperature cTiSmber were trans- 
ferred to other chambers with a different temperature after the second 
or third day, and the subsequent growth increments measured. These 
data are intended for a later paper and are not included in the present 
discussion. 



Mean 24-Hourly Diameter Increments (mm.) op Mycelial Disks for Phythiacystis citrophthora 
(Numbers in parentheses indicate number of cultures from which mean was obtained.) 

Maintained First Second Third Fourth Fifth Sixth Seventh First First First First First 

temperature, 24-hour 24-hour 24-hour 24-hour 24-hour 24-hour 24-hour 2-day 3-day 4-day 5-day 6-day 

deg. C. period period period period period period period period period period period period 
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TABLE IV 

Mean 24-HouRLy Diameter Increments (mm.) of Mycelial Disks for 
Diplodia natalensts 


(Numbers in parentheses indicate number of cultures from wliich mean was 

obtained.) 


Maintained 

First 

Second 

Third 

First 

First 

temperature, 
deg. C. 

24-hour 

24-hour 

24-hour 

2-day 

8-day 

period 

period 

period 

period 

period 

7.5 

.05 (10) 

1.9 (10) 

2.1 (10) 

.97 

1.35 

13.5 

8.0 (10) 

11.0 (10) 

10.0 (10) 

9.5 

9.66 

15.5 

10.1 ( 6) 

13.7 ( 6) 

14.2 ( 6) 

11.9 

12.66 

18.5 

13.0 (32) 

17.5 (12) 

18.5 (12) 

15.25 

16.33 

19.5 

15.5 ( 8) 

20.5 ( 8) 

18.5 ( 8) 

18.0 

18.16 

21.5 

17.0 ( 8) 

21.5 ( 7) 

23.5 ( 7) 

19.25 

20.66 

23.0 

18.2 (22) 

24.0 (22) 

23.7 (22) 

21.1 

21.96 

25.0 

23.0 (10) 

27.2 (17) 

26.0 (17) 

25.1 

25.4 

27.5 

25.9 (18) 

31.0 (18) 

26.1 (18) 

28.45 ■ 

27.66 

29.5 

27.7 ( 9) 

29.3 ( 9) 

24.5 ( 9)^ 

28.5 

27.16 

30.0 

30.0 (12) 

29.8 (12) 

23.6 (12)* 

29.9 

27.8 

31.0 

29.3 ( 7) 

25.5 ( 9) 

21.5 ( 9) 

27.4 

25.43 

32.5 

27.5 ( 7) 

25.0 ( 7) 

21.1 ( 7) 

26.25 

24.53 

34.0 

26.0 ( 8) 

21.5 ( 8) 

18.0 ( 8) 

23.75 

21.83 

35.5 

14.5 (10) 

5.0 (10) 

0(10) 

9.75 

6.5 

36.5 

9.1 (15) 

1.0 (15) 

0 (15) . 

5.05 

3,36 

40,0 

1.5 (15) 

0 (15) 

0 (13) 

.7 

.5 

41.0 

.7 ( 8) 

0( 8) 

0( 8) 

.35 

.23 

45.0 

.2 (10) 

0(10) 

0(10) 

.1 

.06 


DISCUSSION OF RESULTS 

General Considerations 

It is obvious from an examination of the data in tables I-TV that 
the magnitude of the mean rate of enlargement of mycelial disks 
(here expressed for convenience in terms of the diameter increment 
per time period of 24 hours) is influenced by the variations in at least 
three conditions for any one organism, namely, (1) the degree of 
.maintained temperature, (2) the length of the time period considered 
in deriving the mean rates, and (3) the time relation of any given 
obs(irvation period to the beginning of the entire culture period. As 
has been pointed out, each number in the first column represents a 
given temperature nearly constantly maintained over the entire period 
indicated in the tables. The diameter increments given in the re- 
maining columns may be considered as rates, expressed in milliiveters 
per 24 hours or one day. In the first part of the tables the rates of 
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diameter increment (mm. per 24 hours) for any one temperature are 
for consecutive exposure periods, also of 24 hours in len^h, the con- 
secutive columns representing the manner in which the increment rates 
change from one 24-hour period to the next, etc., with the lapse of 
time. In this case each exposure period has a different time relation 
to the initial moment of exposure to the given temperature, i.e., each 
exposure period began where the preceding period terminated. In 
the second part of the table the consecutive columns show the mean 
daily increments (mm. per 24 hours) for exposure periods of different 
length (2 to 6 days), but each having the same time relation to the 
beginning of the culture period, the time period always beginning 
with the beginning of the culture period. The rates derived in the 
manner shown in the second part of the tables are here included in 
order to show the manner in which the relation between growth and 
temperature has been worked out in some of the previous investigations 
with plants in which minimum, optimum, and maxiimun temperatures 
for growth have been considered. It was in connection with the em- 
ployment of such time periods as these that Lehenbauer (11)14) dis- 
cusses the growth-temperature relations for shoots of maize s<KHilings. 

It is readily seen from an examination of these tables that because 
of the influence of the time factor the old concei)tion of a definite 
optimum temperature for growth of a given organism is inadcfiuatc. 
Blackman (1905) pointed out that the term optimum temperature’' 
as commonly used had no definite meaning. L(‘henl)auer, in orchu’ to 
make the term ‘‘optimum temperature” usable, defined it as that 
ttm'pcmiurc at which there is best growth during a given time period. 
In this sense a process may have, not one, but a large number of tern- 
p(irature optima. Blackman states in connection with his discussion 
of carbon dioxide assimilation that the time factor is important only 
at higher temperatures, the higher th(i temperature* the more rapid 
the falling off of the rate with time. A new definition of optimum 
temperature, based on this idea, has been proposed by Leitch (1916), 
namely, the highest temperature at which no time factor enters. -Since 
the time factor may be operative at all temperatures at which growth 
is possible for some organisms, the oi)timum so defined would have 
no important meaning for such organisms. For convenience of dis- 
cussion, Lehenbauer ’s definition will be followed in this paper. An 
added restriction, however, is to be placed on this definition Avhen the 
growth rates for consecutive observation periods are to be considered. 
An examination of the first part of tables I-IV shows that in order 
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to define the optimum for such data not only must the length of the 
observation period be stated but the relation of that time period to 
the beginning of the culture period must also be given. Lehenbauer’s 
observation periods, from which his rates were derived, all had the 
same relation to the beginning of the culture period. 

Turning again to the first part of table I-IV, it is evident that 
there are three variables to be considered. The growth rate, expressed 
in millimeters per 24 hours ; temperature, expressed in centigrade de- 
grees, and time, expressed in number of days from the beginning of 
the culture period. The relation between these three varying quan- 
tities can best be discussed for our purpose by means of graphs and 
the graphs used will be of three kinds: (1) those showing the relation 
between growth rate and temperature at fixed time periods, (2) those 
showing the relation between growth rate and the march of time from 
the beginning at given maintained temperatures of the culture, and 
(3) those showing the relation of the magnitude of the temperature 
coefficient (QIO) to the shifting of the 10-degree temperature intervals 
from which the coefficients are derived. 

The relations of these three variables (rate of growth, temperature, 
and time) could, of course, all be represented gl’aphically together by 
means of lines on a drawing showing three dimensions, as is done by 
Rahn (1916) for rate of development of bacteria with temperature 
and time. While this is the most complete manner of showing tlie 
relation existing between these three variables, making clear at once 
the uselessness of considering any growth-temperature relation with- 
out reference to the influence of time, it is not so convenient for our 
present discussion as is the use of a number of simple graphs. 


The Growth-Temperature Graphs 

The growth-temperature graphs were constructed in the ordinary 
way. For the given fungus and observation period the mean 24-hour 
rates (first part, table I-IV) were plotted as ordinates and the indices 
of maintained temperature were plotted as abcissas. After the points 
were in place a smoothed graph was drawn in the regular manner. 

To illustrate this process of smoothing, the four graphs for the 
second 24-hour period after inoculation are shown together in figure I. 
The points shown on or near each smoothed graph represent the mean 
rates taken from the table. It is at once seen that they arrange them- 
selves io a very satisfactory manner as regards tHe smoothed graph, 
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i.e., that the process of smoothing introduces only very slight alter- 
ations from any of the values derived directly from observations. 
These four second-day graphs are representative of the others. All 
are shown (without the points, the values for which may, however, 
be obtained from tables I-IV) in figures 2-5, each figure presenting 



Fig. 1. Smoothed growth-temperature graphs for the second 24-hour 
period for each of the four fungi employed. The points represent the 
actual increments as given in tables I-IV. 

Phythiacystis eiirophthora 

Phytophthora tcrresiria 

IHplodia natalensis 

Phomopsu citri 

the several smoothed graphs for a single fungus. These graphs repre- 
sent the growth-temperature relations for each one of the successive 
24-hour observation periods (within the exposure period) for which 
adequate data were available. 

In general form and shape the growth-temperature graphs of the 
four fungi are much alike. Beginning with the lowest temperature 
tested, the graphs all rise gradually, being dightly concave upward 
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at first, but becoming decidedly convex upward as the graph maximum 
is approached. Beyond this maximum region the graphs descend rap- 
idly to the graph minimum (maximum temperature for growth), it 
is clear that the growth optimum always lies far above (to the right of) 
the middle of the total temperature range and that the upward slope 
of every graph is much less steep than the downward slope. 

In these general characteristics these graphs resemble those of Ed- 
gerton (1915) for the growth of Glomerella, those of Lehenbauer 
(1914) for the growth of maize seedlings, those of Leitch (1916) for 
the growth of roots of Fisum sativum, and tho8(i of most other students 



Fig. 2. Smoothed growth-temperature graphs for each of the first five 
24-hour observation j)erio<is, for Pythiacystis. 

First 

Second 

Third — — — 

Fourth - 

Fifth 



Fig. 3. Smoothed growth-temperature graphs for each of the first five 
24-hour observation periods, for PytJiophthora, 

First 

Second 

Third . — 

Fourth * 

Fifth 
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of life-process-temperature relations based on short time and temper- 
ature intervals. The graphs published by Brooks and Cooley (1917) 
showing the relations of growth of a number of apple rot fungi to 
temperature for 5-degree intervals also suggest the same general type 
of curve. 



Fig. 4. Smoothed growth* temperature graj)hs for each of the first five 
24-hour observation xmriods, for Phomopsifi, 

First 

Second 

Third 

Fourth 

Fifth 



First 

Second : 
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Changes in the Qrowth-Tempebature Relations 

The four fungi all show very different growth-temperature graphs 
for the successive observation periods. For the same fungus the mean 
growth rate for any one of the successive 24-hour periods within the 
entire exposure period is generally not the same as that for any other 
24-hour period. It follows from this that the growth-temperature 
graph for each organism alters its shape as we proceed from one 
observation period to another in the continuous series, as is clear from 
a superficial inspection of figures 2-5. This progressive change in the 
form of the growth-temperature graph, of course, represents a corre- 
sponding progressive change in the growth-temperature relation of 
the fungus, as time elapses after inoculation. Since the external con- 
ditions of these experiments are considered as not altering with time, 
this apparently gradual change in the growth-temperature relation 
must be evidence of internal physiological changes occurring in the 
organism. 

When the curves for the successive 24-hour periods for each fungus 
(figs. 2-5) are compared certain general features can bo noted. For 
every fungus there is a shifting of the appai'ent maximum temper- 
ature for growth downward (to the left in the graphs) with each 
successive observation period. This shifting is much more pronounced 
between the first and second 24-hoiir periods than between any other 
two consecutive periods, except in case of Phytophthora. For Pythia- 
cystis the maximum shifts from about 36^ for the first 24-hour period 
to about 31° for the fifth period; for Phytopthora the corresponding 
displacement is from about 38° to about 35° ; for Diplodia the maxi- 
mum temperature changes from about 46° for the first 24-hour period 
to about 35° for the third period. The maximum temperatures for 
Phomopsis are more uncertain. 

A similar displacement of the apparent temperature optimum 
(graph maximum) is shown for all the fungi excepting Phomopsis. 
The apparent optimum temperature for Pythiacystis shifts from about 
27.5° for the first day to about 24° for the fifth day, the corresponding 
change for Phytophthora is from about 34° to about 28°, and for 
Diplodia the optimum is displaced from about 31° for the first day 
to about 27° for the third day. 

Aside from the shifting of the apparent maximum and optimum 
temperature values just considered it should be noted that a similar 
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displacement is evident for growth rates lying within a large part of 
the suboptimal region of the growth-temperature graphs for each fun- 
gus. Throughout a large portion of this suboptimal region the ordi- 
nate value for any given maintained temperature is greater for every 
observation period after the jSrst than it is for the immediately pre- 
ceding period. This statement is true for Pythiacystis for the first 
five 24-hour periods after inoculation and for maintained temperatures 
up to 21° C. It is true for Phytopthora and Phomopsis for the first 
five observation periods for maintained temperatures up to 23.5° and 
26° C. respectively. For Diplodia it is true for the first three 24-hour 
periods and for maintained temperatures up to about 21° C. In much 
of the supraoptimal region, on the other hand, the value of any given 
ordinate value is usually less than that for the next preceding period. 
The result of these sh if tings in the specific relations of growth rate 
to maintained temperature is that the growth-temperature graph for 
each successive observation period intersects the next preceding graph. 
The only apparent exception to this statement is for two of the graphs 
for Phomopsis, for the third and fourth 24-hour periods. These rela- 
tions to time are brought out more clearly in graphs of figures 8 and 9. 


Growth-Temperature Relations of Different Organisms Compared 
BY Means of Graphs of Equal Height 

To compare the curvatures of different graphs it is convenient to 
express all the ordinate values of each in terms of the maximum and 
to replot the graphs using the values thus derived. This treatment 
removes apparent differences in curvature due to differences in the 
magnitudes of the maximum ordinates. Such relative graphs, for the 
second 24-hour observation period for each fungus, are presented in 
figures 6 and 7. The upward and downward slopes of these four 
graphs are strictly comparable as to direction or angle, alw’^ays with 
reference, not to actual growth rates in millimeters, but to relative 
growth rates, in terms of the corresponding maximum rate. 

Referring to figures 6 and 7, the relative degrees of steepness of 
the four graphs are nearly the same for the suboptimal region and 
the same is true for the supraoptimal region, except that the graph 
for Diplodia is here somewhat less steep than are the other three. 
While the actual values are here hidden, the relative values as com- 
pared with the maximum growth may be compared for any process. 
The four graphs differ considerably in other details, however, mainly 
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in regard to total temperature range and in regard to minimum, 
optimum, and maximum temperature values. 

Since all the graphs are brought to the same height by this treat- 
ment, the growth-temperature relations as a whole for one organism 
may be compared more directly with another irrespective of differ- 
ences in actual growth increments. By this means the form of the 
growi;h-temperature graphs of a rapidly growing fungus, for examj^le. 



Fig. 6. Growth-temperature graphs for Phythiacystis and Phytophthora 
for the second 24-hour period after inoculation, the ordinate values being 
expressed in terms of the corresponding maximum growth rate taken as 
unity in each case, 

Pythiacystis citrophthora 

Phytophthora terrestria 



Fig. 7. Growth-temperature graphs for Phomopsis and BipXodia for 
the second 24-hour period after inoculation, the ordinate values being 
expressed in terms of the corresponding maximum growth rate as unity 
in each case. * 

Diplodia natalensis 
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may be compared directly with those of a slow-growing one, or, further- 
more, the rate of one kind of a process as influenced by temperature 
may be compared with the rate of any other process no matter how 
diverse or in what units each may be expressed. 

It is to be noted that if the entire graph for Phytophthora were 
moved to the left through 4 degrees of temperature, e.g., if all the 
rates for this fungus were plotted at temperatures 4 degrees lower, 
this graph would follow closely the curve for Pythiacystis, except 
that the first part of the downward slope is a little steeper for Phy- 
tophthora. The difference between the two curves is, therefore, mainly 
one of location of the temperature range and the actual values of the 
increments. The extent of the temperature range, in number of de- 
grees, and the values of the increments in relation to each other and 
to that for the optimum are nearly the same for these two fungi. The 
growth-temperature curves for the other two fungi, Phomopsis and 
Diplodia, show the optimum temperature close to the same point, 27° 
and 28° C. respectively. The maximum temperatures for these two, 
however, appear to be about 33° for Phomopsis and 37*^ for Diplodia, 
a difference of 4 degrees. 


TABLE V 

Characteristics of the Graphs of Figures 6 and 7 for Bates Equau to or 
Greater Than 0.1 op the Maximal Bate 


Name of fungus 

Extent of 
range in 
Beg. C. 

Lower limit 
of range 
Deg. C. 

Upper limit 
of range 
Deg. C. 

Approximate 
optimum temp. 
Deg. 0. 

Per cent of 
range l>elow 
optimum temp. 

Pythiacystis 

23.2 

8.7 

31.9 

26.5 

77.7 

Phytophthora 

24.1 

12.0 

36.1 

31.5 

80.5 

Phomopsis 

22.3 

9.1 

31.4 

27.0 

80.2 

Diplodia 

27.6 

8.4 

36.0 

28.0 

72.0 


The total ranges of temperature can not be satisfactorily read 
from these graphs, although they are indicated in a general way. 
Since the inten^t of this discussion centers mainly about the forms 
of the graphs for the regions where the mean 24-hour rates are con- 
siderable, the range between the two temperatures giving a relative 
rate of one-tenth of the maximum rate may be considered instead of 
the total temperature range. This range is expressed as the length 
of the horizontal line lying between the two sides of the graph and 
having the constant ordinate 0.1. The graphs may be compared with 
respect to the magnitude of this partial range and also with respect 
to the relative position of the optimum temperature within this range. 
The main characteristics of the four graphs of figures 6 and 7 are 
shown in table V. 
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The extent of the temperature ranges for rates equal to or greater 
than 0.1 of the maximum rate for the four fungi are all considerably 
diiferent; Diplodia has the greatest range (27.6°) and Phomopsis the 
smallest (22.3°). This partial temperature range has its lower limit 
lowest (8.4°) for Diplodia, a little higher for Pythiacystis (8.7°) and 
Phomopsis (9.1°), and highest for Phytophthora (12°). But the 
four fungi do not stand in this relation in regard to the upper limit 
of this range, for Phytophthora and Diplodia show about the same 
limit (36.1° and 36°), while Pythiacystis and Phomopsis also nearly 
agree in this respect (31° and 31.4°), the value for the last two being 
markedly lower than for the first two. Roughly speaking, it may be 
said that from about 70 to about 80 per cent of the temperature range 
here considered lies below the optimal temperature, with from about 
30 to about 20 per cent lying above. Of courst^, such comparisons as 
these might be instituted between different fungi with reference to 
any other time period than the one here employed; only the mean 
rates of enlargement for the second 24-hour period after inoculation 
are here -considered. 


Relation op Growth Rate to the Time of Exposure 

It has been emphasized that the growth rates as measured in the 
work here reported differ not only for different fungi with the same 
maintained temperature and for different maintained temperatures 
with the same fungus, but also for different consecutive observation 
periods with the same fungus and the same maintained temperature, 
and it has also been pointed out that these last differences in growth 
rate must be regarded as due to progressive alterations in the internal 
conditions of the fungus as the culture becomes older. 

This influence of time on rate of growth is best shown by the set of 
graphs shown in figures 8 and 9. Here the ordinates are in terms of 
diameter increase, but the abcissas represent successive 24-hour periods 
after exposure to a given temperature. Bach graph shows growth 
on successive days at a given maintained temperature. 

Inspection of tables I-IV and the graphs (figures 8 and 9) shows 
that the mean rate of enlargement alters with the age of the culture in 
three general ways. (1) For lower temperatures the rate increases 
throughout the culture period, the rate of increase being generally 
greatest for the first two days and much more gradual afterwards. 
(2) For a small range of higher temperatures the’rate first increases 



Diameter incremenls in fnm. 
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Fig. 8. Graphs showing relation of rate of enlargement to age of 
culture, for Pythiacystis grown with various maintained temperatures. 
Ordinates are 24-hour increments and abscissas are number of days from 
moment of inoculation. 





216 


XJniver^ty of California Puhlieationa in Agricultural Sciences [Vol. 4 


and then remains constant or oscillates till the end of the culture 
period. (3) For the highest temperatures with which growth pro- 
ceeds the rate decreases throughout the culture period, this decrease 
soon bringing the value of the growth rate to zero. 

These graphs which indicate roughly the change of rate with time 
at various maintained temperatures suggest that we may have here a 
family of curves, which if the data were suflScient would be capable 
of mathematical treatment. It may be seen from tables I to IV and 
graphs of figures 8 and 9 that in general the rates increased with the 
time at temperatures below about 20° C. For example, with Pythia- 
cystis the upper limit was about 19.5° C. and with Phythophthora it 
was about 21.5° for the 6 days tested. The growth rate in general 
decreased with time from the second day and thereafter at, and above, 
about 30° C. With Pythiacystis it was at or above 27.5° C. and with 
Pythophthora at or above 30° C. These same effects are apparent in 
some of the graphs showing the relation of temperature to the growth 
of apple rot fungi published by Brooks and Cooley (1917). 

That the increase or decrease in growth rate with lapse of time 
in the present study was not due to the accumulation of products in 
the yet unused portions of the medium was shown, at least for Pythia- 
cystis, by special tests in which fresh medium was placed at the ad- 
vancing edg(‘s of parts of the mycelial disks after they had grown 
for two days. The subsequent rate of advance of the mycelial disk 
upon the fresh medium at the various maintained temperatures was 
the same as that upon the remainder of the uno(Jcupied medium that 
had been in the dishes from the start. 
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TEMPERATURE COEFFICIENTS 

Introductory . — A temperature coefficieut as here considered may 
be defined as the ratio of the rate of a given process at any given 
temperature to the rate at another temperature at a fixed interval 
below the first temperature. While the temperature interval consid- 
ered may have any magnitude desired, it has been usual to consider 
in most chemical and physiological studies an interval of 10 degrees 
centigrade. In some investigations, where the rate considered alters 
greatly for small differences of maintained temperature, temperature 
coefficients for smaller intervals have been used. 

The temperature coefficient for the rate of any process for a dif- 
ference of 10 degrees is frequently represented by the symbol QIO. 
When derived directly from experimental data showing rates for tem- 
perature intervals of 10 degrees this coefficient is, of course, the quo- 
tient obtained by dividing the rate for the higher temperature by the 
rate for the lower. It is, however, frequently calculated from data 
at irregular temperature intervals. The values obtained from such 
data by the employment of the usual formulae appear to be reliable 
only when the coefficient is constant, or nearly so, over a considerable 
range of temperature. Where the coefficient is changing rapidly with 
successive intervals of temperature, as is the case in many physio- 
logical processes, such derived coefficients are apt to be misleading. 

Temperature coefficients for physiological processes have been much 
discussed in the literature. The statement occurs in numerous papers 
that the rate of a certain process under consideration does, or does 
not, obey the ‘‘Van ’t Hoff- Arrhenius rule^^ for chemical-reaction veloc- 
ities with change in temperature, this rule being commonly under- 
stood to mean that the reaction velocity is continuously doubled or 
trebled for each rise of 10 degrees centigrade. It has been usual for 
some biologists and chemists to use this rule, as thus understood, to 
decide whether a given process should be regarded as chemical or 
physical in its nature. If the rate of the process in question be found 
to have a 10-degree temperature coefficient lying between 2 and 3, 
this is often considered an indication that the process dealt with is a 
chemical one or is controlled by chemical reactions. If, on the other 
hand, the 10-degree temperature coefficient proves to be much below 2, 
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this is taken as an indication of a physical reaction. In many dis- 
cussions of temperature influence on process rates it has been assumed 
that if this coefficient appears to be more or less nearly constant for 
several 10-degree ranges and has a magnitude between 2 and 3 for 
the particular ranges studied, then the process follows the Van't Hoff- 
Arrhenius rule. If, on the other hand, the coefficient be not constant 
with higher and lower 10-degree ranges, but varies greatly above 3 
or below 2, it is considered that the rule does not hold. This common, 
narrow interpretation of the Van’t Hoff -Arrhenius rule appears to 
have been based on a general misconception of the Van’t Hoff formula. 
It has been clearly pointed out by Stuart (1912) that Van^t Hoff’s 
formula itself makes clear that a constant coefficient is not implied 
even for chemical reactions and that Van’t Hoff (1896) himself recog- 
nized that the coefficient values of different 10-degree ranges are by 
no means to be taken as constant; they are generally smaller with 
higher 10-degree ranges and larger with lower ones. All that Van^t 
Hoff did was to make a very rough generalization and to point out 
that in many chemical reactions within the temperature usually dealt 
with in experimental observations it was interesting to note that the 
temperature coefficient was apt to fall between 2 and 3. If it is not 
usual for the temperature coefficient to be constant for simi)le chemical 
reactions,- it is not to be expected that it would be constant for physio- 
logical processes, where much more complex reactions take place. An 
examination of the experimental data on the relation of a large number 
of life-processes to temperature shows that the temperature coefficients 
for such processes generally tend to diminish in value from lower to 
higher ranges of temperature.^ Kanitz (1905) appears to have been 
one of the first to regard this feature as an essential in the analysis 
of the relationship between rates of life-processes and maintained 
temperatures. 

Trautz and Volkmann (1908) gave considerable attention to this 
variation in the magnitudes of the temperature-coefficients for certain 
chemical processes, and Snyder (1911) pointed out that since it is the 
rule for the temperature coefficients of chemical reactions to vary with 
temperature such variation should be expected in physiological pro- 
cesses. Livingston (1916) noted that the temperature coefficient of 
the growth rates of maize seedlings, as determined by Lehenbauer 
(1914), might be regarded as following the Van^t Hoff rule, as corny 
monly understood, only for a very limited range of temperatures. 

1 Data for a large number of life-process rates, with citations of 363 papers, 
have been collected and compiled in a monograph by Kanitz (1915). 
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Leitch (1916), using short exposure periods, found that for the growth 
of Pisum sativum the temperature coefficient (QIO) decreased grad- 
ually from 8.25 for the interval between 0° and 10"^ C. to 2.2 between 
18® and 28® C. The coefficients given by Lehenbauer (1914) for 
maize seedlings decrease from 6.56 for the 10-degree interval between 
12® and 22® C. to 1.88 for the interval between 22® and 32® C. Bahn 
(1916), taking his data from experiments of Marshall Ward (1895) 
on the rate of development of Bacillus ramostis and B, coli, constructed 
some curves of the temperature coefficients, showing how these decrease 
rapidly from high values for low temperature intervals to low values 
for higher temperature intervals. Matthaei's (1905) data for the rate 
of carbon assimilation with temperature, from which Blackman de- 
rived the temperature coefficient of 2.1, show that the coefficient varied 
gi'eatly even at the lower ranges, where the time factor was least oper- 
ative, from a high value for the lowest intervals to a much lower value 
for higher intervals. Moore’s (1918) work with the influence of tem- 
perature on the rate of heart beat of Pundulus embryo shows that 
the temperature coefficient decreases progressively from 7.6 at the 
temperature interval 2.5® to 12.5® C. to 1.4 for the ’interval 25® to 
35® C. Denny (1916), reviewing the monograph by Kanitz (1915) 
on temperature and life processes, says : 

‘‘Many processes in living organisms show a temperature coefficient 
approximately that of the Van’t Iloff law (2 to 3) within certain 
limits. Among the x)lant processes for which this has been found to 
be the case the following may be mentioned: CO 2 assimilation (Mat- 
thaei) between 0® and 37® C. ; respiration of seedlings (Kuijper) be- 
tween 0® and 35® C. ; geotropic presentation time (Rutgers) between 
5® and 25® C.; phototropie presentation time (M. S. De Vries) be- 
tween 5® and 25® (1; protoplasmic streaming in Blodea (Velton) be- 
tween 2.5® and 35® C.; permeability of plant cells and tissue (Rysscl- 
berghe) between 0® and 30® C. ; intake of water by barley grains 
(Brown and Worley) between 3.8® and 34.6® C.’’ 

An examination of the data in most of these cases will show that 
while the coefficients are of the order of magnitude required by the 
so-called “Van’t Hoff rule,’’ in a majority of cases there is (even 
within the limited range to which the rule is supposed to apply) a 
marked tendency for them to decrease from lower to higher Intervals 
of temperature ; so that one may conclude that even these coefficients 
form part of a coefficient-temperature curve which if extended to the 
left would approach infinity and if extended to the right would arrive 



220 University of California Publications in Agricultural Sciences [Vol. 4 


at zero. The temperature coefficients given by Loeb and Chamberlain 
(1915) for the rate of segmentation of Arbacia decrease from 6 for 
a temperature interval between 8° and 18° C. to 2.5 between 15® 
and 25° C. 

Temperature Coefficients in the Present Study , — The growth-tem- 
perature relations of the four fungi used in the work here reported 
were studied in certain aspects by means of such temperature co- 
efficients as have just been considered. Since unexplained fluctuations 
in growth rate as related to temperature are to be neglected, it being 
desired to obtain information of a general nature only, the mean 24- 
hour rates for the various 24-hour observation periods (given in tables 
I-IV) were not employed in calculating the coefficients. Instead of 

TABLE VI 

Mean 24-Hour Bates of . Enlargement for CJonbecutive 1-Day Observation 
Periods, for Pythiaoystis, as Determined by Measuring the 
Ordinates of the Smoothed Graphs of Figure 2 


Temperature 

First day 

Second day 

Third day 

Fourth day 

Fifth day 

deg. 0. 

mm. 

mm. 

mm. 

mm. 

mm. 

8 

.3 

.8 

.9 

1.1 

1.4 

9 

.5 

1.2 

1.4 

1.6 

2.0 

10 

.7 

1.7 

1.9 

2.2 

2.4 

11 

1.0 

2.3 

2.5 

2.8 

3.1 

12 

1.3 

2.9 

3.0 

3.4 

3.7 

13 

1.6 • 

3.5 

3.6 

4.0 

4.2 

14 

2.0 

4.1 

4.3 

4.7 

5.0 

15 

2.4 

4.8 

5.0 

5.4 

5.8 

16 

2.8 

5.5 

5.7 

6.2 

6.5 

17 

3.3 

6.2 

6.5 

6.8 

7.2 

18 

3.7 

6.8 

7.1 

7.5 

8.0 

19 

4.2 

7.4 

8.0 

8.3 

8.7 

20 

4.7 

8.0 

8.7 

8.9 

9.2 

21 

5.1 

8.6 

9.3 

9.5 

9.7 

22 

5.7 

9.1 

9.8 

9.9 

10.0 

23 

6.1 

9.6 

10.2 

10.3 

10.2 

24 

6.6 

9.9 

10.4 

10.5 

10.3 

25 

7.1 

10.2 

10.4 

10.4 

10.1 

26 

7.6 

10.4 

10.3 

10.2 

9.9 

27 

8.0 

10.4 

10.1 

9.8 

9.5 

28 

8.1 

10.2 

9.6 

9.3 

8.8 

29 

7.8 

9.4 

8.7 

8.3 

7.9 

30 

7.1 

7.8 

7.4 

6.9 

6.4 

31 

6.1 

5.3 

3.5 

1.5 

.5 

32 

00 

• 

.7 

0 

0 

0 

33 

2.6 

0 




34 

.9 



...... 


35 

.4 



...... 

...... 

36 

0 



...... 

...... 
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these, the length of the ordinate for each degree on each of the smoothed 
graphs of figures 2-5 were used. These ordinate values are presented 
in tables VI-IX. The arrangement and notation of the first parts of 
tables I-IV are here followed. 

From these ordinate values of the smoothed growth-temperature 
graphs were calculated temperature coeflScients for every 10-degree 
interval by whole degrees, between the lowest and highest maintained 
temperatures tested for each of the consecutive 24-hour observation 
periods represented in tables VI-IX. To illustrate the method fol- 
lowed, the mean 24-hour growth rate for Pythiacystis for the first 
day after inoculation is seen to be 0.3 mm. for a maintained temper- 
ature of 8® and 3.7 mm. for a maintained temperature of 18° C. The 

TABLE VII 

Mean 24-Hour Bates of Enlargement for Consecutive 1-Day Observation 
Periods, for Phytophthora, as Determined by Measuring the 
Ordinates of the Smoothed Graphs op Figure 3 


Temperature 

First day 

Second day 

Third day 

Fourth day 

Fifth day 

deg. C. 

mm. 

mm. 

mm. 

mm. 

mm. 

8 

.07 

.25 

.4 

1.0 

1.1 

9 

.15 

.4 

.9 

1.5 

1.6 

10 

.2 

.7 

1.2 

2.0 

2.1 

11 

.3 

1.0 

1.7 

2.5 

2.7 

12 

.5 

1.4 

2.2 

3.0 

3.3 

13 

.7 

1.9 

2.7 

3.5 

3.9 

14 

.9 

2.4 

3.3 

4.1 

4.5 

15 

1.1 

3.0 

3.9 

4.7 

5.2 

16 

1.4 

3.7 

4.5 

5.3 

5.8 

17 

1.7 

4.4 

5.3 

5.9 

6.5 

18 

2.0 

5.2 

6.0 

6.6 

7.2 

19 

2.4 

6.0 

6.7 

7.2 

7.9 

20 

2.7 

6.9 

7.4 

7.9 

8.6 

21 

3.0 

7.8 

8.2 

8.7 

9.3 

22 

3.3 

8.6 

9.0 

9.3 

9.9 

23 

3.6 

9.3 

9.8 

10.1 

10.3 

24 

4.0 

10.0 

10.5 

10.7 

10.7 

25 

4.3 

10.8 

11.1 

11.3 

10.9 

26 

4.6 

11.4 

11.8 

11.9 

11.1 

27 

5.0 

11.9 

12.3 . 

12.4 

11.3 

28 

5.3 

12.5 

12.8 

12.9 

11.3 

29 

5.7 

12,9 

13.2 

13.3 

11.3 

30 

6.0 

13.3 

13.4 

13.6 

11.2 

31 

6.4 

13.5 

13.6 

13.7 

11.0 

32 

6.7 

13.5 

13.6 

13.6 

10.7 

33 

6.9 

12.2 

12.8 

12.6 

9.2 

34 

7.1 

9.5 

11.2 

10.2 

6.0 

35 

6.1 

5.7 

6.8 

4.2 

1.0 

36 

2.2 

1.7 

.5 

•2 
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ratio 3.7 : 0.3 is 12.3, which is the 10-degree coefficient (QIO) for the 
10-degree interval from 8° to 18° C. Now, since the value of QIO 
varies with the m^ntained temperature, if its fluctuations are to be 
studied it is necessary to calculate the different values, not for' suc- 
cessive 10-degree intervals (as 8°-18°, 18®~28°, 28°--38°), but for 10- 
degree ranges beginning with each successive whole degree for which 
data are available (as 8°-18®, 9°-19°, 10°-20°, etc.). If the value 
just obtained for the range 8°-18° C. be written QIO (8°~18®) =12.3, 
then referring to table VI we may write QIO (9°-19°) =8.4; QIO 
(10°~20®) =6.7 ; QIO (11°~21°) =5.1, etc. For convenience of ref- 
erence and for facility in plotting these temperature coefficients for 
various 10-degree temperature ranges as they are made to shift by 
single degrees, the middle point of each 10-degree range is taken to 
represent the range itself. Thus the coefficient value plotted at 13° 
stands for the 10-degree temperature coefficient for the range (8°-18°) 
whose middle point is 13° (figs. 10 and 11). 

TABLE VIII 

Mean 24-Hour Rates or Enlargement for Consecutive 1-Day Observation 
Periods, for Phomopsis, as Determined by Measuring the 
Ordinates of the Smoothed Graphs of Figure 4 


Temperature 

First day 

Second day 

Third day 

Fourth day 

Fifth day 

deg. 0. 

mm. 

mm. 

mm. 

mm. 

mm. 

8 

.1 

.4 

1.1 

1.2 

1.3 

9 

.2 

.7 

1.4 

1.5 

1.6 

10 

.3 

1.1 

1,S 

1.8 

2.0 

11 

.4 

1.4 

2.1 

2.1 

2.4 

12 

.5 

1.9 

2.4 

2.5 

2.8 

13 

.6 

2.2 

2.8 

2.9 

3.2 

14 

.8 

2.6 

3.1 

3.2 

3.6 

15 

1.0 

3.0 

3.5 

3.6 

4.0 

16 

1.2 

3.4 

3.9 

4.0 

4t4 

17 

1.4 

3.7 

4.2 

4.4 

4.8 

18 

1.6 

4.1 

4.6 

4.8 

5.2 

19 

1.8 

4.5 

5.0 

5.2 

5.6 

20 

2.1 

'4.9 

3.4 

5.7 

6.1 

21 

2.3 

5.3 

5.8 

6.1 

6.5 

22 

2.6 

5.8 

6.2 

6.5 

7.0 

23 

3.0 

6.2 

6.6 

7.0 

7.4 

24 

3.4 

6.7 

7.1 

7.4 

7.8 

25 

3.8 

7.1 

7.5 

7.8 

8.2 

. 26 

4.1 

7.5 

7.8 

8.2 

8.4 

27 

4.4 

7.7 

7.9 

8,5 

8.3 

28 

4.2 

7.4 

7.8 

8.2 

8.0 

29 

3.4 

6.0 

7.0 

7.6 

7.3 

30 

2.4 

3.0 

5.0 

6,6 

5.8 

31 

1.5 

1.2 

1.2 

3.3 

1.8 

32 

.9 

.3 

.2 

...... 
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The 10-degree coefficient values for all whole intervals of 10 degrees 
for which data are at hand for all four fungi and for each of the 
successive 24-hour observation periods employed in this experimenta- 
tion are set forth in table X. The first column of this table presents 
the different temperature ranges, the second column shows the middle 

TABLE IX 

Mean 24-Houe Bates or Enlakgement roa Consecutive 1*Day Observation 
Periods, tor Diplodia, as Determined by Measuring the Ordinates 
op the Smoothed Graphs op Figure 5 


mperature 

First day 

Second day 

Third day 

deg. C. 

mm. 

mm. 

mm. 

8 

.7 

2.7 

3.0 

9 

2.0 

4.1 

4.5 

10 

3.2 

5.6 

5.8 

11 

4.4 

7.0 

7.2 

12 

5.7 

8.4 

8.7 

13 

6.8 

9.9 

10.1 

14 

8.1 

11.3 

11.7 

15 

9.3 

12.7 

13.1 

16 

10.5 

14.1 

14.6 

17 

11.8 

15.7 

16.1 

18 

13.1 

17.0 

17.6 

19 

14.3 

18.6 

18.9 

20 

15.6 

20.0 

20.5 

21 

17.0 

21.6 

22.2 

22 

18.4 

23.0 

23.5 

23 

19.8 

24.5 

24.7 

24 

21.2 

26.1 

25.4 

25 

22.7 

27.6 

26.0 

26 

24.2 

29.1 

26.3 

27 

25.8 

30.5 

26.3 

28 

27.2 

30.8 

25.8 

29 

28.8 

30.5 

24.9 

30 

29.7 

29.2 

23.8 

31 

29.7 

27.4 

22.6 

32 

29.0 

25.6 

21.0 

33 

27.4 

23.0 

19.0 

34 

24.9 

12.0 

16.9 

35 

19.9 

11.0 

9.3 

36 

11.4 

2.7 


37 

7.4 



38 

6.0 



39 

3.0 



40 

1.5 



41 

.8 



42 

.5 



43 

.4 



44 

.3 

...... 


45 

.2 

...... 
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points of these ranges, which are to be taken as representing the 
various ranges themselves. The rest of the table falls into four parts, 
each part giving the data for a single fungus. Each single column 
gives the coefficients for a single one of the consecutive 24-hour ob- 
servation periods. 

Inspection of the coefficient values given in table X brings out 
the fact that, for every one of the four fungi and for each of the 
consecutive 24-hour observation periods, the 10-degree temperature 
coefficient for mycelial enlargement is greatest for the lowest temper- 
ature shown and regularly decreases toward higher temperatures, be- 
coming smallest for the highest temperatures. The highest coefficient 
value here encountered (30) is that for 13® C. (range from 8® to 18®), 
for the first 24 hours after inoculation, for Phytophthora. This value 
is progressively smaller for progressively higher temperatures, becom- 
ing 0.47 for the temperature 31® (range from 26® to 36®). For the 
temperature 13® (range from 8° to 18°) the lowest coefficient value 
shown (4.0) is for the fourth 24-hour period for Phomopsis, and this 
value is progressively smaller for progressively higher temperatures, 
becoming 0.5 for the temperature 26° (range from 21® to 31®). The 
lowest coefficient value of the whole table is 0.01, for the temperature 
31® (range from 26® to 36®) for the fourth 24-hour period for Phy- 
tophthora, this value being progressively larger with progressively 
lower temperatures and becoming 6.6 for the temperature 13° (range 
from 8® to 18®)..' 

Aside from the regular falling off in the coefficient value for each 
observation period and fungus, as we pass from lower to higher tem- 
peratures, as just pointed out, the value for any temperature and 
fungus is always largest for the first 24-hour period after inoculation 
and generally tends to become smaller with each successive period 
after the first, although this last statement is not always strictly true 
for all temperature ranges. The relation of the value of this temper- 
ature coefficient to the maintained temperature representing the middle 
point of the 10-degree temperature range from which each coefficient 
value is derived is shown graphically for the second 24-hour period 
after inoculation, for three of the fungi in figure 10. Abscissas rep- 
resent these middle points, while ordinates are the corresponding co- 
efficient values. These graphs have not been smoothed. 

These three graphs of 10-degree temperature coefficients are seen 
to be alike in their general form. 'Every one begins with a relatively 
very high value at the left (lowest temperature range tested) and 
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descends, rapidly at first and then less rapidly, with higher temper- 
atures. 

From the nature of the temperature coefficient it is clear that its 
value for any range of maintained temperatures having its lower limit 
just below the minimum temperature for enlargement must be infinite, 
since the ratio of any positive quantity to zero is, of course, infinity. 

On the other hand, as the temperature range for which the co- 
efficient value is calculated has its upper limit approaching the maxi- 
mum temperature for enlargement the coefficient value approaches 
zero. No matter what range of temperature is employed, a change of 
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z)[iaintained temperature from some value below the maximum temper- 
ature to some value above that cardinal point must be accompanied 
by a corresponding change in the rate of enlargement from a positive 
value to zero, and the ratio of zero to any positive quantity is, of 
course, zero. 

For graphs such as those here considered it follows (from the 
points brought out above) that the slope of the graph at the point of 
maximum ordinate value (left end) appears to furnish a criterion by 
which it may be judged, at least in a general way, how nearly the 
abscissa of this point approaches the minimum temperature. An 
inspection of the curves at the lowest temperature range here consid- 
ered (8°~18° C.) indicates that its lower limit (8° C.) is much more 
nearly the minimum temperature for enlargement for Phytophthora 
than it is for the other fungi. The curves also indicate that 8® is 
nearer the temperature minimum for Pythiacystis than for Diplodia. 

Since the graph of temperature coefficient as related to temperature 
shows ordinates that decrease in magnitude from infinity to zero, it 
follows that there must be some point on every such graph at which 
the ordinate value is unity. This point at which the temperature co- 
efficient value is unity will represent the middle point of a range 
within which lies the optimum temperature. The temperature value 
corresponding to this abscissa is, therefore, near the temperature 
optimum for the process considered. For lower temperatures the co- 
efficient values are all greater than unity, for higher ones they are all 
smaller than unity. 

A point that needs emphasis in studying the general nature of the 
temperature coefficients of most processes showing temperature minima 
and maxima is this, that every such process must show a certain tem- 
perature range for which the temperature coefficient has values be- 
tween 2.0 and 3.0, etc. It is, therefore, quite without any definite 
meaning to state that the temperature coefficient for any process has 
a certain value, unless the corresponding temperature range is simul- 
taneously stated. The coefficient value may be everything between 
zero and infinity, depending on the temperature range considered and 
upon the position of that range within the total temperature range 
of the process. The so-called Van’t HoflP rule, stating that the temper- 
ature coefficients of many chemical reaction velocities have values 
between 2.0 and 3,0 is obviously true, therefore, if the proper temper- 
ature ranges are considered. It appears to be true that many simple 
chemical reactions and many physiological processes show temperature 
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coefficient values between 2.0 and 3.0 for certain temperature ranges 
within the ordinary range of weather temperatures on the earth, and 
it is perhaps this fact that haa led to so much inadequate discussion 
about these coefficients, especially in physiological literature. Great 
emphasis should be placed upon the fact that the temperature co- 
efficient for most processes having temperature limits is a continuously 
varying value, the variation proceeding from infinity to zero. 

From this point of view the temperature relations of different 
processes under stated non-temperature conditions and with stated 
exposure periods are clearly comparable, not by means of single tem- 
perature coefficient values, but by means of the coefficient-temperature 
relation as a whole. Practically, the simplest way to present this re- 
lation for a given process is to construct such coefficient-temperature 
graphs as those shown in figures 10 and 11. The form and position of 
these graphs completely describe the rate-temperature relation. If two 
processes are to be compared in respect to this temperature relation, the 
comparison should be instituted between the two coefficient-temperature 
graphs, constructed on the same scale. If the two graphs coincide 
throughout, then the temperature relations of the two processes are 
alike; they have approximately the same temperature minima, op- 
tima, and maxima, and the two rates change from one temperature 
to another in just the same way. If the two graphs fail to •coincide 
throughout, the two rate-temperature relations differ, and just how 
they differ is apparent from an inspection of the graphs. Further- 
more, the different values of the temperature coefficient for the same 
process, etc., may readily be compared for different temperatures and 
the coefficient values for different processes may be compared for the 
same temperatures. Some of the points brought out by inspection of 
the group of three coefficient-temperature graphs shown in figure 10 
have been mentioned, but many others not here considered may be 
noted. 

The three graphs thus far dealt with show the relation of temper- 
ature coefficients to temperature for three of the fungi employed in 
this study and for the second 24-hour period after inoculation. The 
four coefficient graphs for Pythiacystis, for the first, second, third, 
and fourth 24-hour periods after inoculation, are shown in figure 11. 
These graphs are constructed from the data given in table X in the 
manner employed for figure 10; they have not been smoothed. The 
graph for each successive period after the first lies below the one for 
the preceding period. The progressive lowering (already mentioned) 



1921] Fcmcett: Temperature Eelaiims of Growth in Certain Parasitic Fungi 229 


of minimum, maximum, and optimum temperatures with the succes- 
sive periods is clearly shown ; also the difference between the growth- 
temperature relation for the first period and that for the second is 
shown to be far more pronounced than all the differences between 
these relations for successive periods. 



Fig, n. Graphs of the 10-degree temperature coefficient, as related to 
temperature, for PythiacystiSf for four consecutive 24-hour observation 
periods within the 4-day exposure period. 


CONCLUSION 

From the results of the investigation of the temperature relations 
of growth in pure cultures of four fungi {Pythidcystis aitrophthora, 
Phytophthora terrestria, Phomopsis citri, and Diplodia natalensis) , 
discussed in detail in the preceding pages, the following generalizations 
may now be brought together. 

It was indicated that there is the usual optimum temperature above 
and below which the rate of enlargement was smaller with higher or 
lower maintained temperatures. Growth-temperature graphs (with 
temperatures as abscissas and growth rates as ordinates) rise from 
left to right (from lower to higher temperatures), being at first slightly 
CQncave upward, then becoming convex till the optimum is passed, and 
then falling rapidly toward the temperature axis. 

The fact is to be emphasized that the optimum temperature for 
tjie average rate of growth of a given fungus with a given medium is 
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not always the same for different lengths of observation periods, or 
when periods of equal length have different time relations to the be- 
ginning of the culture period. 

With culture periods of from three to six days and an observation 
period of 24 hours in length, it was found that in general the optimum 
temperature for growth shifted to lower temperatures for each suc- 
cessive observation period. There was also corresponding displacement 
of the apparent maximum temperature downward (from higher to 
lower temperatures) with each successive observation period. 

A comparative study of the growth-temperature graphs of the four 
fungi for the second 24-hour period shows that the total range of 
temperature within which growth rate values are one-tenth or more of 
the maximum rate includes from 32.5 to 37 centigrade degrees of the 
temperature scale. Of this range, from 70 to 80 per cent is below the 
optimum temperature for growth. 

With comparatively low temperatures the growth rate increases 
with the age of the culture throughout the culture period and with 
the highest temperatures it decreases throughout the culture period, 
this decrease soon bringing the value to zero. With a small range of 
intermediate temperatures, the rate first increases with time and then 
remains constant, oscillates or decreases. 

The 10-degree temperature coefficient (QIO) for each of the four 
fungi has a high value at the lowest range studied and decreases pro- 
gressively through lower values to zero. The form of the graphs repre- 
senting the value of the temperature coefficient as related to different 
ranges of maintained temperature shows that the value of the temper- 
ature coefficient must begin with infinity for some low range, must 
pass through all finite values and then must reach zero for some higher 
range. For growth-temperature relations of this type the range for 
which the coefficient is unity will include the optimum temperature, 
the range for which the coefficient is infinity will include the minimum 
temperature, and the range for which the coefficient is zero will include 
the maximum temperature. 

The use of the coefficient-temperature graphs furnishes a direct 
method of comparing the growth-temperature relations of different 
organisms, no matter in what units the rates have been expressed. If 
the graphs of two different processes coincide throughout, the growth- 
temperature relations must be considered to be the same. On the 
other hand, if the two graphs fail to coincide throughout, they lack 
of coincidence furnishes evidence of the particular manner in w'hich 
the temperature relations of the two processes differ. 
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THE ALINEMENT CHART METHOD OF 
PREPARING TREE VOLUME TABLES^ 

BY 

DONALD BRUCE 


The chief use of the alinement chart^ is to express with the simplest 
possible system of lines a law the equation of which is known. The 
underlying principle is so flexible that almost any formula can be 
expressed thereby, although the most striking advantages over a system 
of rectangular coordinates do not appear unless three or more variables 
are involved. The axes may be parallel or converging, straight or 
curved, and graduated either uniformly or with intervals which vary 
in accordance with some given law, the form of the graph depending 
on the form of the equation. It follows from this very flexibility that 
such charts are, in general, unsuited for use with empirical data. The 
following pages, however, describe an exception to this general rule in 
which one type of alinement chart may be advantageously used in the 
preparation of tree volume tables, although the form of the equation 
of such a table is yet unknown. 

The most suitable type of chart can be determined by working 
out an approximate algebraic expression for the volume of a tree in 
terms of its diameter and height. This expression is complicated by 
the fact that, for almost all American tables, volumes must be com- 
puted in board feet as scaled by some log rule, instead of in cubic feet. 
The starting point must therefore be the equation of the volume of a 

1 Acknowledgment is made to Professor Frank Irwin, of the Department of 
Mathematics of this University, for assistance in connection with the analytic 
features of this study. 

2 A complete discussion of the theory of alinement charts may be found in 
such works as: J. Lipka, Graphical and Mechanical Computation; J. B. Peddle, 
The Construction of Graphic Charts; and M. d'Ocagne, TraiU de Nomographic, 
For a discussion of the application of certain simple types to some formulae of 
forest mensuration see D. Bruce, ‘‘Alinement Charts in Forest Mensuration, ’ ' 
Journal of Forestry y XVII, 7, 773 (November, 1919). 
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log in board feet first formulated by Professor Daniels,* i.e., v — ad* 
+ fed -f c (I). For simplicity, let us apply this formula to a tree of 
uniform taper up to its merchantable top limit, that is, one which is a 
frustum of a cone. 

Let V s= volume of a tree in feet b. m. 

Let V — volume of a log in feet b. m. 

Let Z> = d. i. b. stump (assumed equivalent to d. b. h.). 

Let d = top diameter of a log. 

Let H — height in logs of tree. 

Let t — top d. i. b. of tree. 

It is evident that the taper of the tree = I> — i, and that the taper 

per log == ^ ■ ♦ Therefore the top diameters of the several logs 

" . D — t 

of the trees are the terms of the following ‘series : t + 

I ^ , I ^ 3(D t)^ .... to if terms, and the volumes of the 

H H 

same are the terms of the following series, each top diameter being 
successively substituted in I : 

af^ + ^{D-t)+~{D- ty + W + I (Z) - t) + c; 

c^ + ^{D -t) - ty + bt + ^iD - t) + c; 

aP + ^(D-t)+ I® (D -ty + bt + ^{D-t) + c; 

aP + ^ {D - t) + {D - ty + ^ (2) - 0 + c; 

.... to H terms. 

V — the sum of this series to H terms. This may be obtained by the 
differential method in which a new series of first differences is derived 
by subtracting each term from that which follows it, and this process 
is repeated, successively obtaining a series of second differences, third 
differences, etc., until all terms become zero and the series vanishes. 

8 See A. L. Daniels, Measurement of Sawlogs, Vermont Ajjr. Exp. Sta., Bulletin 
102, lb03. 
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The sum then equals na + ^ ^ cfe + 

lil liL 

where = number of terms, a = the first term of the original 

series, cii = the first term of series of first differences, d 2 = the first 
term of series of second differences, etc. 

Series of first differences is : 

(fi - t) + - ty (D - 0: 

^(D - t) +^,(D - ty (D - t): 

^ (D - t) +^,{D - ty +-| (D - 0; 

^ (D - 0 - 0* + ^ (fi - t); etc. 


Series of second differences is : 


2a (D ~ 2a {D - t)\ 2a (D - t)\ 








; etc. 


Series of the third differences is: 


o; 


o; 


o; etc. 


And V ~ sum of this series = H {at^ + bt + c) + ^ 

jL 

(D - t) (D _ + A (£> _ 0 J + A - (g - -- . a 2) 

{g(C-0'.) 

Expanding and rearranging in terms of D, this becomes: 

V=, I a (^ - 1) gg - i). I jy + (K.-1) . 1 (2al + 36) g + 2af } D 


(2oP + 36< + 6c) (3a<* + 36<) o<* 

6 6 6H 


( 11 ) 
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Rearranging in terms of H, this may also be written ; 

7= I" 1 2aZ)“ + (2a# + 36) Z) + 2o#* + 36# + 6 c } — { aD* + hD 

] ® 

— # (a# + 6 ) [ H (2)" — 2#D -t- 7) (III) 

j m 

Let us now apply this general formula to a specific case, for example, 
that of trees scaled by the Scribner log rule to a six-inch top cutting 
limit. A close approximation formula for this log rule (for 16-foot 
lengths) is: 

r = .765d" — .55d — 21. 

We therefore may assume 

a =.765 
6 = —.55 
c = — 21 
^ = 6 . 

Substituting these values in III, we have : 


V = H (.2552)* + 1.2552) — 13.47) — (.38252)= 

— .275P — 

1 

12.12) + — (.12752)= — 1.532) + 4.59). 

H 

(IV) 

Typical equations for the height class curves of a volume table in 
graphic form can now be found by substituting in IV given values 
of H; for example : 

For Jff = 2, 7 = .191252)= + 2.022) — 12.52 

(V) 

H=6, 7 = 1.168752)= + 7.552) — 67.93 

(VI) 

ir = 10, 7 = 2.180252)= + 12.6722) — 1 22.121 

(VII) 

Similarly, typical diameter class curves are : 


For 2) = 10, 7 = 24.5822 - 23.38 + ~ 

(VIII) 

2) = 20, 7 = 113.63H - 135.4 + 

(IX) 

70 44 

2) = 30, 7 = 253.68H - 323.88 + 

Jtl 

(X) 

2) = 50, 7 = 686.7822 - 930.38 + 

(XI) 
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It will readibly be seen that V, VI, and VII are equations of parabolas, 
while VIII and IX and X and XI are hyperbolas. These deductions 
agree so well with the actual results obtained in volume tables con- 
structed by the conventional method on a similar basis that it seems 
probable that the general form of the equation should apply at least 
approximately to actual trees as well as to the cone frusta on which 
it is based. Furthermore, it has been tentatively established, and with- 
out any conflicting evidence coming to light, that, in the case at least 
where a fixed top cutting limit is used, frustum form factors are func- 
tions of diameter and not of height. If this is true, such equations as 
VIII can be corrected to apply accurately to any given species by 
multiplying into them the proper form factors, which would merely 
change the values of the constants without affecting the form. Finally, 
the ease with which the alinement chart devised to apply to cone 
frusta works out for actual trees is the best proof of the adequacy of 
the equation. 

Next, it is necessary to determine this alinement form. Unfortu- 
nately a difficulty at once presents itself. The equation appears to be 
one of those rare instances which cannot be thus expressed.^ It has 
been found by experiment, however, that if two parallel axes be as- 
signed to V and H, the former graduated uniformly upward and the 
latter uniformly downward, all lines expressing a single value of D 
(taken from a table of values of volumes of cone frusta in board feet 
or calculated by the above formulae) will intersect nearly (but not 
quite) in a common point, and that these common points for a series 
of values of D lie almost (but not quite) in a straight line, which if 
produced will i)ass through the zero point on the V axis. Figure 1 
illustrates this fact, although a larger scale is needed to bring out the 
failure of the lines to intersect perfectly. 

The reason for this becomes evident upon analysis. Let the lower 
left-hand corner of figure 1 serve also as the origin of a system of 
rectangular coordinates with one unit equaling ten of the small squares. 
Also let h equal the width of the paper. Then any straight line 
used in solving values by the alinement chart can be expressed 


* Only those equations can be expressed by an alinement chart that can be 
put in the determinant form 

i ft h I 

:0 


9 ^ 


where fi, and hi are functions of x, (t = l, 2, 3). 
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as connecting the points {0,22 — 2H) and j b, Ur by the equation 


22 + 2H\ y + 22 - 2H, 
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Figure 1 

Alinement Form giving approximately correct results for volumes 
of cone frusta in feet b.m. 


Now from equation IV, V — AH + 5 (where A, B, C are func- 

H 

tions of D) and the equations of two such lines corresponding to any 
values of H, such as H^ and Hn, and having a common value of D, will 
then be (from equation XI) ; 
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and 


7= 


7= 


AHi + B + 

100 

AHs + B + ^ 

11 % 

100 


- 22 + 2Hi 


- 22 + 2Hi 


y + 22 - 2Hi 


^ + 22 - 2Hi 
0 


The point of intersection of these two lines can now be found by 
solving these two equations simultaneously, and when this is done the 
following values of X and Y are obtained : 


X = 


Y = 


2006 


A - + 200 


+2B + I + I 




+ 200 


(XIII) 


(XIV) 


It will be seen that, for such a range of values for 7> and H as are 
actually encountered, these two equations approximate quite closely to 


^ + 200 


(XV) 


^ 22A + 2B 

A+ 200 


(XVI) 


Since both X and Y in this last pair of equations are independent of 
H, this approximation explains the approximate common intersection 
of all lines having a given value of Z>. They can, moreover, be com- 
bined to give an equation of the curve upon which all these common 
intersections fall, but the result is in a form too complicated to be of 
much value, although it can be readily identified as an equation of a 
conic section (obviously a very straight portion of a hyperbola). The 
curve can be plotted more simply by means of equations XV and XVI, 
and wiU be found to be very nearly a straight line passing through 
the zero point on the V axis. 



240 


University of Califomia jPublioatione in Agriovltwal Soienoes [VoL 4 


It seems as if a regraduation of the H axis might be made to result 
in perfect instead of approximate intersections. It will be found that 
this can be readily accomplished for any given value of D on the as- 
sumption that the H graduating distance from a fixed point = 

'ilf 

+ i H where X', L, and M are constants. But unfortunately these 

H 

three constants prove to be themselves functions of D. In other words, 
different sets of graduations would have to be used for each value of 
the diameter, which is obviously impracticable. 

Each value of if, however, is in practice associated with a rather 
narrow range of D values. It is therefore possible to modify the 
positions of the H graduations empirically so as to result in a decided 
improvement in the intersections, and at the same time a slight re- 
adjustment of the D axis can be made with advantage. The best 
results appear to be obtained by the following plan : 

1. Graduate the V axis as already described. 

2. Graduate the H axis as already described but omit all values 
under that of 5 logs. 

3. Select a few definite values of D well distributed over the de- 
sired range, and for each calculate the volumes for three or more values 
of H (/I = 5 or over). If a table of cone frusta is available, these 
volumes may, of course, be taken therefrom. 

4. Draw straight lines from each value of H to the corresponding 
value of V, and select points which appear to be the averages of the 
intersections of lines relating to each common value of D, 

5. Draw a curve through the points thus selected. For most work 
a sulBciently close approximation will be found to be a straight line 
passing through the V origin. 

6. Enter on this curve or straight line the D graduations indicated 
by the straight lines of step 4. 

7. Obtain two or three values for V corresponding to the lower 
values of H (under 5 logs) and to the values of D already graduated. 
By drawing the appropriate straight lines their intersections with the 
H axis will indicate the best average i)osition8 of the smaller H gradu- 
ations. These should then be entered on that axis. 

8. Complete the graduation of the D axis by intersection, using 
for each value of D appropriate values of jBT. 

The following table, worked out by the above process, may also be 
used directly to save time and labor. 
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TABLE I 

Graduation op E Axis 

Distance from fixed point on axis 


Height in logs 

Intersection with the 

Values to be used 
where the heights 
are in logs and 
tenths of logs 

Values to be used 
where the heights 
are in feet 

diagonal axis 

1.26 

20.16 

2 * 

2.08 

33.28 

3 

3.03 

48.48 

4 

4.01 

64.16 

5 

5 

80 

6 

6 

96 

7 

7 

112 

8 

8 

128 

9 

9 

144 

10 

10 

160 

11 

11 

176 


In the application of this thcoiy to the making of a volume table 
the successive steps may be as follows: 

1. Prepare an incomplete alinement graph (fig. 2) such as has 
been illustrated in Figure 1, but with the H axis graduated in accord- 
ance with the table just given. 

2. Draw a diagonal straight line representing the D axis between 
the point representing its intersection with the H axis and the zero 
point on the V axis. 

3. Graduate the D axis as follows: Each tree measurement (a 
sufiieient number of which are supposed to be at hand) is used to draw 
a straight line between the point on the H axis corresponding to the 
height of the tree and the point on the V axis corresponding to the 
volume of the tree. The intersection of this with the B axis is an 
indication of the position of the B graduation corresponding to its 
diameter. The indications of a number of trees will naturally be 
more or less conflicting and the results must therefore be evened off 
by a graduating curve such as indicated in figure 3. In this curve 
the distance of each intersection above the base of tlie graph of figure 
2 is plotted o%er its corresponding diameter. When all the points 
are thus plotted a smooth curve is drawn through them, and from this 
curve the B axis is finally graduated. 
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An alinement volume table. 


2600 

1900 

1800 

1700 

1600 

1500 

1400 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

500 

400 

300 

200 

100 



Table II gives the basic tree data used in this illustrative instance. 
The broken line in figure 2 shows how the first values of this table 
are plotted. The left-hand point on figure 3 is plotted from the re- 
sulting intersection with the D axis. 

It is immaterial whether, each tree is thus used to determine a point 
on the graduating curve or whether the average volume, height, and 
diameter of the height-diameter classes are used. In •the latter case, 
each point should, of course, be weighted in accordance with the num- 
ber of trees which are thus averaged together. Figure 3 was drawn 
in accordance with the latter method. 

4. The volume table can now be read from the completed alinement 
chart, the result being given in Table III. 
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TABLE II 

Basic Tree Bata, White Fir, Stanislaus National Forest 
(Measurements taken by U. S. Forest Service) 


No. of trees 
in class 


Average 

D. B. H. inches 

Average 
merchantable 
height in 16-ft. 
logs 

Average 
Vol. ft. B. M. 

7 


18.1 

4.0 


280 

3 


19.5 

3.9 


330 

8 

• 

19.9 

4.0 


340 

5 


19.8 

5.0 


500 

6 


21.9 

4.4 


540 

7 


22.2 

5.1 


640 

6 


21.8 

6.0 


670 

1 


22.8 

6.5 


810 

2 


23.9 

4.1 


510 

1 


23.4 

4.2 


490 

9 


23.7 

5.2 


640 

6 


24.1 

6.2 


970 

o 


24.6 

7.3 


1230 

4 


25.5 

5.0 


660 

9 


25.9 

5.6 


950 

12 


26.3 

6.0 


970 

9 


26.2 

7.0 


1270 

1 


25.8 

7.6 


1510 

4 


27.7 

5.6 


1050 

10 


28.3 

6.3 


1250 

7 


28.1 

7.5 


1450 

1 


27.6 

8.3 


1760 

1 


29.2 

4.6 


1090 

7 


29.9 

6.0 


1300 

7 


29.8 

6.4 


1280 

12 


29.7 

7.3 


1640 

3 


30.2 

7.9 


1720 



31.6 

6.6 


1600 



TABLE III 




Volume Table Read From Figure 2 




Height in logs 



D. B. IT, 

'4 

5 

6 

7 

s' 

18 

280 

380 




20 

350 

480 




22 

430 

590 

740 

900 


24 

510 

690 

880 

1060 


26 


790 

1000 

1220 

1430 

28 


850 

1130 

1370 

1600 

30 


1010 

1280 

1550 

1820 

32 


1140 

1450 

1750 

2060 
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In most cases it will be found that the graduating curve of figure 
3 can be entered on the same sheet as the alinement chart without 
confusion and with a saving in time and convenience. In step 3, 
moreover, it is not necessary actually to draw the various straight lines, 
which are apt to become confusing if many tree measurements are 
available. Instead, a straight edge may be laid across the proper values 
and its intersections with the intermediate axis noted. 



D. B. H. inches 

Figure 3 

The graduating curve. 

There are several advantages in this method of preparing a volume 
table. In the first place, the curve drawing is simplified. In place 
of the system of curves which have to be harmonized in the usual plan 
only a single graduating curve need be drawn, and since this is based 
on all of the tree measurements available it is much better defined 
and more easily and accurately located. As compared with the frus- 
tum form factor method, which also uses a single curve, the use of the 
alinement method saves considerable time, since the calculation of the 
form factors is avoided ; the result is, however, practically identical, 
for if the frustum form factors of such a table as Table III be calcu- 
lated they will be found to vary with diameter but not materially with 
height. 

Secondly, exterpolations are easily (perhaps almost too easily) 
made, especially in height, and with far more certainty than is possible 
by the normal system of curve extension. 

Lastly, the resulting alinement chart can be read with great accu- 
racy for fractions of inches in diameter and fractions'of logs in height. 
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This is not true of the conventional method, where graphic interpo- 
lations between the harmonized curves are both slow and inaccurate 
and where arithmetical interpolations in the final table are exceed- 
ingly laborious. For certain problems of forest mensuration this 
advantage is highly important, although It is of little weight in 
connection with ordinary timber cruising. The method appears su- 
perior in accuracy to the ordinary plan, especially where the amount 
of data available is limited. Volume tables have been made by both 
methods from tree data for three species, including the species used in 
illustrating this paper. The results appear as follows: 

Aggregate difference between Average deviation between 
all trees as actually scaled individual tree volumes as 
and as read by table scaled and as read by table 

Basie data Conventional Alinement Conventional Alinement 

145 trees, western larch 1.5% 0.2% 5.8% 5.1% 

166 trees, western white pine 2.1% 0.3% 3.8% 3.9% 

166 trees, white fir 0.5% 0.2% 7.1% 6.3% 

It will be observed that the result by the alinement method is much 
superior as a whole for each species, and is better, on the average, in 
detail as well. 
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INTRODUCTION 

The importance of the bacterial population to the soil is well recog- 
nized. The r61e of micro-organisms in the processes of ammonification, 
of nitrification, and of nitrogen fixation has been the subject of so much 
investigation, and has been reviewed so often in the literature that it is 
generally accepted as fact. The influence of bacterial life, or of the end- 
products resulting therefrom, causing as it does the solution of necessary 
plant nutrients from the mineral particles within the soil, has been the 
object of much speculation, some of which has been substantiated by 
experiment. Aside from this effect of bacteria upon the mineral particles 
within the soil, there is some reason for believing that rocks may undergo 
disintegration and degradation into soil through the action of bacteria. 
This subject has been discussed and investigated at some length by 
various writers, whose work will be mentioned later. 

The formation of the mineral portion of the soil is due to the opera- 
tion upon the rock mass of three general factors, namely, changes in 
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physical environment, chemical action, and biological activity, Th# first 
of these exerts so apparent an influence upon rocks that it has long been 
recognized and subjected to careful investigation by geologists. As 
applied to soils, these effects belong in the realm of the soil physicist and 
therefore will not be considered in this paper. 

The chemical agencies chiefly instrumental in breaking down and 
dissolving mineral material are water, solutions of varying amounts of 
NHa and CO 2 , various salts, organic acids, and organic compounds. 
The effect of solutions, especially of neutral salts, has been the subject 
of extensive investigation. This work will be reviewed later in the 
section of this paper dealing with method of attack and theory. 

Certain biological activities are generally acknowledged to be op- 
erative in breaking down the rock mass and preparing it for use as a 
suitable medium for the growth of plants. Some of these are mechanical, 
such as the manifest action of roots in prying apart portions of rock. 
Other effects on rocks are far less easily discernible, due to the slight 
action of a vast population of microscopic flora found upon rock in all 
stages of its decomposition. The growth of algae, both alone and in 
their symbiotic relationships with the lichens, may aid, through the 
effect of respiration products, in the solution of»minerals. It is likely, 
however, that the more important office of these simple green plants is 
to serve directly or indirectly as a source of energy for the growth of the 
still smaller organisms — the bacteria — in situations where the supply of 
organic materials is limited. 

A statement concerning the effect of bacteria in rock decomposition 
was made by Miintz^ as early as the year 1890. He found bacteria ‘‘in 
the denuded rocks of the Alps, the Pyrenees, the Auvergne, and the 
Vosges comprising the most varied mineralogical types: granites, por- 
phyries, gneiss, mica schist, volcanic rocks, limestones, and sandstones, 
. . . Often the action is not confined to the surface, but extends into 

the depth of the rock mass. This is the case with the so-called rotten 
rocks of which the particles- become disengaged and separate as is often 
seen in limestones, schists, and granites. ... In decomposed rocks 
I have always verified the presence of nitrifying organisms.^' 

Branner^ takes issue with Miintz^s assumptions, citing the need of 
bacteria for a large supply of oxygen and nitrogen, and their sapro- 
phytic habit as prohibitive of their growth to any extent upon or in 
rocks. Had Branner’s statements been made some years later, they 
undoubtedly would have been modified by recent information con- 
cerning the nitrogen compounds of the fundamental rocks. The in- 
vestigations of Hall and Miller* show that part of the nitrogen in certain 
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clay soils may have been derived from the nitrogen compounds in the 
rocks from which those soils were formed. 

Merrill^ mentions bacteria as possible agencies in the decomposition 
of rocks. 

Renault^ found bacteria present in coal, and postulates their action 
in coal beds as that of the transformation of carbonaceous material 
into methane and hydrogen. 

Holland® suggests that the phenomenon of laterization may be due 
to the action of bacteria, possibly to some specific organism allied to the 
sulfur and iron bacteria, and gives certain observations which lead to 
this belief. 

Lacroix^ makes the following statement: *^The bare rocky islet of 
Cabras, near San Thome in the Gulf of Guinea, is covered with a mantle 
of slightly ferruginous aluminum phosphate which is sometimes several 
centimeters thick. This has originated from the interaction of some of 
the products of bird guano and the underlying rock, aided, doubtless, 
by microbes.” 

All the conclusions in the literature mentioned thus far are of a 
conjectural character and are the result of observation only, no con- 
trolled or investigational work having been presented in support of the 
opinions offered. The most important systematic investigation of the 
action of bacteria on rocks was undertaken by K. Bassalik®, and is 
reported by him in two papers, The Decomposition of Silicates hy Soil 
Bacteria, and The Decomposition of Silicates hy Soil Bacteria and Yeasts. 

The first of these papers is more or less preliminary, the author 
drawing the conclusion that bacteria are able to derive their necessary 
mineral nutrients from the feldspars, and that appreciable quantities of 
unweathered orthoclase are dissolved by bacteria, probably by means 
of CO2 produced by the latter. 

The second paper reports an elaborate study of the effect of the 
growth of several organisms upon various minerals. B. extorquens, 
several of the nitrifying organisms, butyric acid bacteria, and yeasts 
were tried upon twelve widely varying silicates and upon apatite. A 
partial summary of Bassalik's results is given here: 

1. Bacteria are able by means of their products of respiration to cause a 
significant solubility of pulverized silicates. 

2. Those which produce organic acids, as Clostridium Pasteurianum, influence 
more strongly the solubility of the silicates. 

3. In the action of micro-organisms upon rocks, the intensity of contact of 
the organism and the mineral to be dissolved is of greater importance than the 
various agents of solubility. 

4. Thus, B, extorquens, which produces only CO 2 , has the strongest solvent 
effect through its close and firm envelope of the mineral particles. 
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5. Yeasts, which produce much more CO 2 in cultures than B. extorquens , 
cause a smaller solubility because of the absence of the close contact with the min^^l 
particles. 

6. The nitrite bacteria are also able to effect a significant solubility of silicates 
as the result of their physiological property of oxidizing NH*, but they affect those 
minerals rich in alkaline earths much more than those rich in silicates, 

7. The significant solubility of apatite seems to be a property only of those 
bacteria which produce organic acids, for this mineral is dissolved only in moderate 
degree by those organisms which produce CO 2 . 

8. In the filtrates of the bacterial cultures, especially with B, extorquens^ can 
be recovered all the chemical constituents present in the minerals experimented 
with. Those most easily going into solution are the alkalis, then the alkaline earths 
and iron, silicic acid much less, and clay the least. 

This summary presents some interesting conclusions, and a close 
review of the paper shows that they are the result of careful work. 
Bassalik, however, does not get at the fundamental causes of the 
differences in the effects of organisms. This investigator refers, in 
conclusions 3, 4, and 5, to the closeness of contact of organisms to the 
mineral as an important factor in determining the magnitude of the 
action of B. extorquens; but he does not offer plausible proof of this 
assumption, and it would seem that his conclusion concerning this 
point may be erroneous. If we have in solution H 2 CO 8 from the pro- 
duction of CO 2 by B, extorquensj the concentration of the acid should 
depend upon the partial pressure of the CO 2 above the liquid and the 
rate of CO 2 production by the organism. The same should be true 
with the yeast, and as the yeast, according to Bassalik^s own state- 
ment, produces CO 2 more rapidly than does B, extorquens, and if, 
as he also states, the solubility is effected by the concentration of CO 2 , 
the yeast should effect the greater solution of the mineral. This should 
be true, both in the solution culture and in the solution film surrounding 
the mineral particles, where the organisms are grown upon the moist 
mineral. Thus it would seem that any greater effect of B, extorquens 
should be attributed to some specific action on the mineral, such as 
oxidation, hydration, etc., rather than to CO 2 . Furthermore, the bac- 
terial envelope, which is referred to as enclosing the mineral particles, 
may consist of a gelatinous coating produced from the mineral particle 
itself, rather than of an aggregate of bacteria (this coating being greater 
whefe the action upon the mineral is greater). 

In 1915 T. Kawamura® described an organism found in some 
volcanic material upon one of the mountains of Japan, at an altitude of 
6,600 feet. This organism is of special interest as one which has a 
specific action upon a silicate material. It forms a zoogloeic mass, the 
ash of which contains an unusually large amount of silica, 8.873* per 
cent. Kawamura proposed the name Volcanothrix silicophila for the 
organism. 
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A comprehensive discussion of the action of bacteria upon minerals 
would not be complete without some reference to the action of certain 
organisms upon the iron, sulfur, and phosphorus compounds found in 
rocks and soils. However, since it is the purpose of this paper to deal 
with an entirely different phase of the subject, a brief reference to the 
bacterial processes affecting these compounds will suffice. 

Lipman and McLean^® studied the effect of the oxidation of sulfur 
upon rock phosphate and found appreciable amounts of the phosphate 
dissolved through the action of the resulting acid. 

Stoklasa^^ found marked solubility of bone meal through the action 
of soil bacteria and attributed it to the action of enzymes upon the 
bone meal. 

Koch and Kroeber^^ and later Kroeber^^ determined the solubility 
of different forms of phosphate in the acids produced by the growth of 
soil and sewage organisms upon dextrose. Kroeber concluded that the 
acids produced by bacteria and yeasts in the soil may be of great im- 
portance in rendering phosphate soluble. In cultures where CaCOs was 
present little or no phosphate was made soluble. 

Sackett, Patten, and Brown^^ in a somewhat similar work found 
that there was a decided solution of the insoluble phosphate when 
bacterial growth was accompanied by acid formation. They believed 
that acid is not the sole solvent. 

Hopkins and Whiting^® discuss the effect upon rock phosphate of the 
nitrous acid produced through the oxidation of NH 3 by Nitrosomonas. 


OBJECT OF INVESTIGATION 

Bacteria may effect the solution and disintegration of minerals in 
at least two ways : 

1 . Through the oxidation or reduction of one or more of the con- 
stituents of the mineral by specific organisms. 

2. By the action of some end-product of bacterial activity: i. e., 
H ion resulting from acid produced, or OH ion from the production of 
NHs. 

In the present investigation some of the fundamental considerations 
in connection with the second phase of the subject were studied, the 
work being limited to the effect of acid end-products. In none of the 
work reviewed in the foregoing section have attempts been made to 
obtain results which may be used to determine whether the action of 
bacteria upon minerals may follow the usual chemical laws, or at least 
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present some constant relationship which may be expressed in an 
empirical formula. The work in hand has had for its object the pro- 
curement and interpretation of data suitable for the confirmation of 
some such relationship. 


METHOD OF ATTACK AND THEORY 

In order to obtain such data it was found necessary to use a different 
method of attack from that usually pursued in a bacteriological problem. 
The most common approach to such a problem is by the determination, 
either in solution culture, in sand culture, or in culture upon the moist 
pulverized mineral itself, of the amount of material made soluble by 
the growth of certain organisms. This method gives a series of isolated 
results, which, though no doubt interesting in themselves, are entirely 
unrelated either among themselves or to any factor which may control 
the magnitude of the bacterial effect. In dealing with the phase of the 
problem studied in this paper, a different method is employed, a 
method by which it is hoped to show a certain relationship between H 
ion produced by bacteria and the amounts of bases brought into 
solution. 

The magnitude of the effect of bacterial end-products upon a mineral 
will depend upon the equilibrium involving that end-product and 
mineral. As stated before, in this study it is elected to deal with cases 
in which acids are the end-products in question. There^'ore, it was 
deemed necessary first to study the equilibria of certain acids, used 
over a wide range of concentrations, with certain minerals. The object 
of these equilibrium studies was to compare the H ion concentrations 
of the acids, at the various molar concentrations, with the amounts of 
material which are brought into solution, so to speak, by these H ion 
concentrations. Later, studies were made of the H ion production by 
certain organisms, and of the equilibria involving these acids and the 
minerals, the H ion and the amounts of material in solution being 
determined. 

There is an extensive literature dealing with the equilibria 
of various soils and minerals in contact with solutions of acids, of 
bases, and of salts. This literature deals largely with the absorption of 
bases by soils and minerals, and with the exchange of bases between 
solution and soil or solution and mineral. In nearly every instance, 
however, the data are insufficient to warrant their use for substitution 
in formulae. 
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The earlier work is so ably and completely reviewed by Sullivan,^® 
in his consideration of The Interaction between Minerals and Water 
Solutions, that it seems advisable to refer the reader to that excellent 
rfeum6 rather than to attempt a repetition here. This review covers 
the work of Thompson, Way,^® Eichhorn,^® Henneberg and Stohmann,^® 
Lemberg, Peters,^^ Liebig,^® Rautenberg,^^ Van Bemmelen,^® Armsby,^ 
and Boedeker ,27 and deals largely with the controversy of the physical 
process of adsorption versus chemical reaction as the cause of the 
absorption and exchange of bases in soils. 

The work of Dittrick^® is not included above. His work is reported 
in two papers, and covers experiments with a granite and an amphibole 
paridotite, and solutions of KCl, NaCl, NH4CI, Cat^l^, MgCl2, KNO3, 
K2SO4, and K2CO3, in the concentrations N/1, N/IO, and N/IOO. He 
found Ca and Mg dissolved by the solutions, the least by N/1 solution, 
more by the N /10 solution, and most by the N/lOO solution. The 
amount of exchange was greater with the more decomposed rock. 
Repeated extraction with solutions removed roughly twice as much 
material as a single extraction. 

The action of an acid upon a silicate is really an exchange of H ion 
for any of the bases which come into solution through its action. This 
exchange is a reversible chemical reaction, and as such should conform 
with the chemical laws applicable to such reactions. 

Let us consider a simple case of reversible reaction, or balanced 
action, that of the union of hydrogen and iodine to form hydriodic 
acid: H2+I2 — 2HI. 

In this reaction there is a point of equilibrium which is represented 
by the equation : 

C 1 I 2 X C 12 _ ^1 __ -r- 

Cf.1 k " 

This is an example of homogeneous equilibrium, involving the 
gaseous phase only. 

A somewhat different case is encountered with the decomposition 
of calcium carbonate into carbon dioxide and calcium oxide: 

CaCOs =0 CaO -f CO 2 . 

He^e we have both gaseous and solid phases. The amount of gas 
taking part in the reaction may be measured by its pressure, but the 
solid must be considered in a different light. This reaction may be 
considered as taking place in the gaseous phase, the solids present fur- 
nishing a constant supply of CaCOs and CaO vapor. Then if C is the 
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pressure of CaCOs, Ci the pressure of CaO, and c.the pressure of CO2 
at equilibrium j the equation at equilibrium is: 

kC = kiCic, or c = = K 

KiL/i 

Going farther we have the following as a reaction in which we have 
a solid and a gas on both sides of the equation: 

H2O -j- Fe =c= FcO -}- H2 

Let c be the concentration of H2O, C that of Fe, Ci of FeO, and Ci of 
Ha. At equilibrium we then have the equation: 

k c C = ki Cl Cl. 

I ^ ki C/j 

and — - 1— FT == K 
Cl k C 


c 

or — = K 
Cl 

Now applying this last equation to a case where we have a solution 
of a salt acting upon a solid to form another salt in solution and a 
solid we will take the following reaction: 

BaS()4 + Na2C03 Na2S04 -f BaCO,. 

Let C, c, Cl and Ci be the respective concentrations of the reacting 
substances. Then from the above equation 



CNa 2 C 0.1 

*”■ cn,c»so; 


= K. 


This last equation shows that the equilibrium point is measured by the 
ratio of concentrations of the soluble reacting materials. As stated by 
Walker:^® “The active masses of the barium salts may be accounted 
constant in the reaction, for although they are generally spoken of as 
' insoluble ^ they are in reality measurably soluble in water. The aqueous 
liquid in contact with them will be and remain saturated with respect to 
them, i.e., their concentration and active mass in the solution will be 
constant. The equilibrium will thus be determined by a certain ratio 
of the concentrations of the soluble sodium salts, independent of what 
the actual values of the concentrations may be.’* 

A mineral in contact with an acid solution is very similar to the last 
case cited above, and at any concentration of the acid the equilibrium 
should be measured by the ratio 

concentration of the acid ^ 

concentration of the material in solutioh 


when these are measured at equilibrium. 
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The H ion is usually assumed to be the measure of the active acid. 
In acid solution the H ion concentration is some function of the molar 
concentration of the acid. Since gas chain measurements yield values 
which approach the theoretical H ion concentration, determinations of 
the H ion concentrations, Ch, by this method may be substituted for 
^^concentration of acid^^ in the above formula and the ratio 


Ch 

Ctnaterial lu solution 

will be constant. 

When dealing with materials as complex in their chemical structure 
as are minerals, it is recognized that a rigid adherence to the theoretical 
laws can not be expected, and it becomes necessary, therefore, for a 
comprehensive knowledge of such reactions as are considered in this 
paper, to resort to certain empirical formulae. It is obviously imprac- 
ticable to attempt to consider in the term ^^concentration of material 
in solution,’^ as used in the formula above, all the bases which may be 
present in the solution in contact with the mineral at equilibrium. 
These considerations lead to the assumption that any one of the bases 
may be taken as measuring the magnitude of the action of the acid on 
the mineral. Consequently, it is suggested that the formula thus far 
developed theoretically, be changed to the empirical formula 



where Ch is the concentration of hydrogen ion, and Ca represents the 
molar concentration of Ca, Mg, Fe, or K in solution at equilibrium 
with the acid. 

Since it is desired to study the initial H ion concentration with 
respect to Ca, Mg, Fe, or K in solution, it becomes necessary to add a 
still further modification to the empirical formula — namely, the expres- 
sion of the initial H ion concentration in terms of, or as some function 
of, the H ion concentration at equilibrium. It is found that this is an 
exponential function of the H ion concentration at equilibrium. (See 
fig. 0.) In this figure, log. Ch of the acid alone is plotted against log. 
Ch of acid in contact with the mineral. The resulting graph is a straight 
line, indicating that the ratio is constant, at least over a certain range 
of concentrations. Thus Ch of the acid alone is a logarithmic or ex- 
ponential function of Ch of the acid in contact with the mineral, or 

C C*^ 

Ch=Ch. Then the equation — = K becomes — = K, where Cf is the 
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initial H ion concentration of the acid, Ca the concentration of Ca, Mg, 
Fe, or K in solution at equilibrium, and K is a constant. This equation 
is the one used in the consideration of the data contained in this paper. 

The formation of acid as the end-product of bacterial activity is a 
property common to many organisms including many which are com- 
monly found in soils. Acid production by bacteria has been the subject 
of piany investigations. It is used as a means for identifying the 
various members of the Colon group of bacteria, and consequently the 
fermentation of sugars by this group has been widely studied. A 
review of the entire field will not be attempted, but it is well to mention 
work having a more or less direct bearing upon the subject in hand. 

Harden*® studied the Chemical Action of B. coli communis and Similar 
Organisms on Carbohydrates and Allied Compounds, He found that the 
lactic acid produced never exceeds one-half of the sugar fermented. The 
amount of acid formed varies with the different Tsugars. 

In a later study with Penfold he used B, coli on a medium com- 
posed of 2 per cent glucose and 1 per cent peptone. He gets of alcohol, 
acetic acid, formic acid, CO 2 , lactic acid, and succinic acid, respectively 
17.22 per cent, 20.60 per cent, 2.55 per cent, 17.30 per cent, 40.60 per 
cent, and 4.80 per cent of the sugar used. With a selected strain of 
B, coliy the lactic acid reaches 70 per cent of the amount of sugar used. 

Michaelis and Marcora*^ find that the highest degree of acidity 
produced by B, coli at 37° C. is 1 x 10~*. 

In the lactic acid fermentation of sugars, Claflin** notes the formation 
also of formic, propionic, and acetic acids, the acetic acid formation 
depending upon the degree of aeration. Ninety-five to 97 per cent of 
the sugar may be converted into lactic acid, with a very low production 
of volatile acids, not over one-half per cent. He claims that the nature 
of the acid produced depends upon the organism and not upon the 
nature of the medium. 

In the present work it n,iust be shown what is the amount of acid, or 
rather the H ion concentration, produced by the organisms upon the 
carbohydrate media used, and what is the effect of this concentration 
upon the minerals. Is this effect similar to that of the acids alone? 
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EXPERIMENTAL METHODS 

As suggested in the foregoing section, the experimental work is 
divided into two parts, the first consisting of the equilibrium studies 
with the minerals and acid solutions, the second of bacteriological 
studies. 

Equilibrium studies . — The acids used were hydrochloric, sulfuric, 
oxalic, phosphoric, lactic, formic, and acetic. It will be observed that 
these acids vary in the degree of dissociation for any given concentra- 
tion, hydrochloric acid being the most highly dissociated, and acetic 
acid being the least ionized. The minerals were calcium silicate, ortho- 
clase feldspar, biotite, and granite. They were ground in a ball mill to 
pass a 200-racsh sieve. The acids were used in the concentrations: N/5, 
N/25, N/50, N/lOO, N/250, N/500, N/1,000, N/2,000, N/5,000, and 
N/ 10,000. 

The work was carried on at room temperature. The equilibrium 
studies were arranged in four series, one for each mineral, and each 
series contained a sub-series for each acid. 200 cubic centimeters of 
solution were thoroughly shaken with 5 grams of mineral, Jena glass- 
ware being used. The solutions were allowed to remain in contact with 
the mineral for three days, which time is shown in the following table 
to be sufficient for equilibrium. 

Table Showing the Effect of the Time of Contact 
UPON the H ion Concentration. 

Orthoolase + N 6 HCl 


Diiys H ion concentration 

1 . .709 X 10“i 

2 636 X 10-1 

3 615 X 10-1 

4 656 X 10“i 

5 615x10-1 


As much as possible of the supernatant solution was then pipetted 
off and filtered through a Whatman No. 42 filter paper, an unfiltered 
portion being taken, however, for the H ion determination. In an 
aliquot of the filtered solution, calcium, iron, magnesium, and potassium 
were determined, the calcium and iron by titration with potassium 
permanganate, the magnesium and potassium gravimetrically as the 
pyrophosphate and chloroplatinate respectively. 
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The H ion determinations were made by the use of the hydrogen 
electrode, with the same modifications as were used by Sharp and 
Hoagland®^ for soils. These determinations are made both on the acid 
solutions, and on the acids in contact with the minerals. 

A question arose as to the possibility of the formation of a gelatinous 
coating upon the surface of the mineral, which would hinder the further 
action of the acid, and prevent attainment of equilibrium. In order 
to ascertain whether the amount of shaking had been sufficient to 
remove this film and allow the reaction to come to equilibrium, the fol- 
lowing experiment was proposed. A 6-gram portion of mineral was 
shaken with 200 cc. of N/5 HCl, as in the experimental procedure. 
The mineral and solution were then poured upon a filter paper, and the 
mineral was dried and then ground in a mortar. H ion determinations 
were made upon the filtrate. The filtrate was poured upon the dried 
mineral and allowed to remain for three days with frequent shaking. 
H ion determinations were again made. The following data show that 
there is no significant change in H ion concentration in the second 
contact of the solution with, the mineral: 

H ion Cone. 

Calcium silicate +N 5 HCl... 1st contact . ... 0.607 x 10"^ 

Calcium silicate +N 5 HCl.... 2d contact.. . . 0.607 x 10"*^ 

Labradorite ‘*'N 5 HCl.. .1st contact . ... 0.797 x 10“"' 

Labradorite ‘•‘N 5 HCl.. 2d contact 0.828 x 10““' 

Bacteriological work, — Three organisms were used, Azotobactery 
Bacillus coli, and B, lactis acidi. The first of these was chosen because 
of the very high H ion concentration which it produced upon dextrose 
solution, nearly 1. x 10-^ as determined by Dr. Waynick in this labora- 
tory. B. coli is referred to in the literature previously cited as producing 
large amounts of acid, and B, lactis acidi was taken as a typical acid 
producer. Azotohacter were grown upon 2 per cent dextrose solution, 
B. coli in a solution of 2 per cent dextrose and 1 per cent peptone as 
used by Penfold, and B, lactis acidi in 1 per cent dextrose. The work 
was arranged in three series, one for each organism. Each series con- 
tained five cultures, each culture containing 1,000 cc. of solution in 
1,200 cc. Florence flasks. One culture contained no mineral. The other 
cultures contained 25 grams of mineral each, one with calcium silicate, 
one with orthoclase feldspar, another with biotite, and one with granite. 
These cultures were run for a total time of sixteen days, H ion determina- 
tions being made at 1, 2, 3, 5, 7, 9, 11, and 16 days, and on each of the^e 
days 100 cc. of solution was removed for the determination of calcium, 
iron, magnesium, and potassium. The cultures -were grown at a tem- 
perature of 28® C. and the customary bacteriological precautions were 
observed throughout the work. 
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DATA 


The data obtained by the methods given above are reported in 
tables 1 to 38 inclusive. The amounts of calcium, magnesium, iron, and 
potassium are calculated and expressed as moles per liter. Both the 
initial and final H ion concentrations are also reported as gram mole- 
cules per liter. For the convenience of the reader, the logarithms of 
these numerical values are given in adjacent columns. 

Accompanying each table is a graphical representation of the rela- 
tion between certain series of values given in that table. (Owing to a 
loss of material during the analysis, tables 3, 9, and 22 are incomplete; 
there are, therefore, no graphs for these tables.) The logarithms 
of the H ion concentrations, log. Ch, are plotted along the ordinates, 
and the logarithms of the concentrations of Ca, Mg, Fe, or k, log. Ca, 
along the abscissas, and the average curve is drawn through the points 
thus obtained. 

In the section of this paper dealing with ^‘Method of Attack and 
Theory,^' certain assumptions are made and ultimately expressed in the 


C* 

empirical formula, — = K. 


By substitution of the experimental data 


in this formula, the values of the constants x and K may be calculated. 
If these values of x and K are constant for a given series, then the ratio. 


Cf 


is constant for that series, and the plotted graph representing that 


ratio will be a straight line, or conversely, a straight line curve indicates 
that X and K are constant. The straight line graph expresses a direct 
ratio between series of values, these values being, in this case, the 
logarithms of Ch and of Ca. 

The exponential constant x and the reasons for its use have been 
discussed previously. It expresses the relation of H ion at equilibrium 
to the initial H ion concentration of the acid. That this relationship is 
of an exponential character may be due to chemical reaction, to ad- 
sorption, or to a combination of these phenomena. It is not proposed, 
however, to differentiate here between adsorption and chemical re- 
action, the purpose of this work being to provide a means, empirical if 
necessary, of accounting for the magnitude of the action of acids upon 
minerals. 

The constant K is the numerical expression of the ratio of the 
^ logarithm of the initial H ion concentration to the logarithm of Ca, Mg, 
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Fe, of K brought into solution, so to speak, by that H ion concentration. 
The numerical magnitude of K for any table represents the slope or 
inclination of the graph plotted from that table. The range of values 
for K may be very large, varying from infinity, for a horizontal line, 
to zero, for a vertical line. 

Since it is possible to draw a straight line averaging the points 
plotted from the experimental data, the graphical method is employed 
for obtaining values of log. Ch and log. Ca for substitution in the equation 
for the calculation of x and K. By this means average values of x and 
K may be computed without resorting to a calculation of all the possible 
combinations of equations for which data are available. The use of this 
procedure eliminates a large part of the tedious mathematical routine, 
and it is recognized as yielding averages sufficiently close to the statis- 
tical average to serve the purpose contemplated in this paper. If the 
above preliminary remarks are borne carefully in mind, the following 
consideration of the groups of tables and graphs will be clear. 

Tables 1 to 7 contain the data for the equilibria between calcium 
silicate and the acids. The figures accompanying these tables are 
sufficient to show that the graph for any given series is a straight line. 
As stated before, this signifies that x and K are constant for each series, 
and that the reaction of the acid with the mineral takes place in accord- 


C* 

ance with the formula — = K. 

Ca 


The slope of the graphs, however, seems 


to become less for the equilibria involving the less dissociated acids, the 
slope for acetic acid being much less than that for hydrochloric acid. 
As explained before, this difference in slope is indicated by the 
following numerical values for the constant K calculated from the 
graphs, the slope becoming less as K increases: 


HCl 

Sulfuric acid . . . 

Phosphoric acid ... 
Lactic acid . . ' 

Formic acid 

Acetic acid 


K = 0.01391 
K = 0.2642 
K = 0.4448 
K » 14.86 
K = 335.5 
K - 941.2 


Since, as stated before, the graphs represent ratios of log. Ch to 
log. Ca, and since this ratio varies with the slope of the graph, it would 
seem, from a comparison of the curves for HCl and acetic acid, that 
an acid such as HCl, which is highly ionized, brings smaller amounts of 
material into solution per unit increase of H ion than do those acids, 
acetic for instance, which have a lower ionization constaAt. This 
apparent difference in the action of various acids is due undoubtedly to 
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the fact that the commercial calcium silicate was used for this work, 
and that it contained considerable quantities of CaCOs, as shown by 
the marked effervescence which occurred when the acid was added to 
this material. The loss of CO 2 from the system undoubtedly affected 
the true equilibrium, and this apparently greater action of the less 
dissociated acids is the result. As will be seen in the considerations 
which follow, this difference in effect between various acids occurs 
only with calcium silicate. 

In tables 1 to 7, as well as in those which follow, there are no 
data for calcium where oxalic acid is used, because of the insolubility of 
the resulting calcium oxalate. This fact is mentioned again, and its 
importance is emphasized further, in connection with a general state- 
ment concerning the action of the H ion concentration of acids upon 
minerals. 

The data for the various acids and orthoclase are found in tables 8 
to 12 inclusive. From a comparison of the corresponding graphs, 
it is seen that they are quite steep, and that all have approxi- 
mately the same slope. This observation is verified by a consideration 
of the constant, K, as calculated for the various members of this group 
of tables. The fact that K is very small is evidence that the graphs 
approach the perpendicular, and when it is remembered that the values 
for K range from zero to infinity for a change of 90 degrees in slope, it 
is obvious that the very small range of values for K given here, 
0.00002661 to 0.000001427, represents a very small difference in the 
slopes of the various curves. The fact that K is constant for each 
series, and that the corresponding graph is a straight line, goes to show 
that the calcium coming into solution is a logarithmic function of the 
initial H ion concentration of the acid, and that the assumptions ex- 
C* 

pressed in the formula — = K are verified by experimental evidence 
Ca 

Further proof of these assumptions is offered in the next group of 
tables, numbers 13 to 19 inclusive, which give the data for the acids in 
equilibrium with biotite. Data for calcium, magnesium, and potassium 
in solution are reported. As in the previous series of tables, the graphs 
for calcium are straight lines and have about the same slope, the extreme 
range of values for K being from 0.00005790 to 0.000001071. The 
constant K for the magnesium determinations is more variable, but 
still no large discrepancy is apparent, the values ranging from 0.04373 
to 0.000008395. 

A deviation from the straight line graph is encountered in the 
figures and tables expressing the equilibria for granite and the acids. 
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tables 20 to 26 inclusive. When the logarithms of the data for iron are 
plotted against the logarithms for H ion concentrations and the lines 
are drawn through the points thus obtained, the resulting curves are 
not straight lines. (See figures 20 to 26.) The flatter portion of the 
curve occurs in every instance at approximately the value, 3.0, repre- 
sented by that logarithm of the H ion concentration, and probably is 
due to the formation of another compound of iron at that concentra- 
tion. Since these curves are not straight lines, it is obvious that no 
constant values for x and K may be calculated therefrom, and further- 
more it may be inferred that any iron compounds in the mineral do not 
react with the acids in accordance with the proposed formula. The 
curves for calcium, however, are straight lines, thus affording still 
further proof that the assumptions regarding the nature of such re- 
actions are correct as far as calcium is concerned. The graphs have 
nearly the same slope throughout the series of figures, the values for 
K ranging from 0.000001328 to 0.000007799. 

In a general survey of the graphs thus far discussed, instances may 
be observed in which certain plotted points are far from coincident with 
the straight line graph. In certain cases, these discrepancies represent 
error in the determinations. Where they appear in the lower portion 
of the graph, however, the last two or three points dropping below the 
curve, they occur because the lower limit of the determination has been 
reached, and no smaller amounts can be determined with any degree 
of accuracy. 

A consideration of the meaning and the possible relationships of the 
results thus far reviewed is not inappropriate at this point. It is the 
opinion of the writer that that type of investigation is the most valuable 
which has for its object the procurement of data which are related, 
either among themselves, or to certain controllable factors, and which 
may be taken as the basis for, or in verificiation of, some general law 
suitable either for the explanation of certain phenomena or for direct 
application in the prediction of future results. Thus a general con- 
sideration of the tables and figures leads to the following remarks. 

All the straight line graphs for a given mineral, excepting calcium 
silicate, the deviation of which has been explained, have practically the 
same slope and give nearly the same values for x and K. It follows 
therefore, that if the curves for one mineral in contact with the various 
acids be superimposed one upon the other, they will all fall practically 
in the same straight line. This would seem to indicate, for a given 
mineral, and within the limits of the concentrations used, that the amount 
of calcium, magnesium, or potassium coming into solution is a function 
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of the H ion concentration of the acid, regardless of the nature of the 
acid used, except, and this exception is extremely important, in those 
cases where the acid forms compounds which are less soluble at any 
given H ion concentration than the compounds in the mineral itself. 
The importance of this exception must be emphasized, and it is illus- 
trated in a very striking manner by the different series with oxalic acid 
where only traces of calcium are found in solution. It is recognized 
that this illustration represents an extreme case and that other so- 
called insoluble compounds may approach the mineral compounds in 
solubility. 

The objection was raised to the foregoing generalization that a 
N/lOO solution of acetic acid, for instance, contains the same total 
mqlar concentration of hydrogen as a N/lOO hydrochloric acid solution, 
regardless of the relative H ion concentration of these acuds. The hydro- 
chloric acid is, of course, the more highly dissociated acid, but will not 
the slightly dissociated acetic acid continue to give off H ion as that 
already in solution combines with the mineral, and should not the ulti- 
mate result be the same with the acetic as with the hydrochloric acid 
for a given molar concentration? That this objection is not sub- 
stantiated by fact is due doubtless to the following reason. In general 
the salts of acetic acid are much more highly dissociated than is the 
acid itself. Consequently, the acetates formed by the (H>ntact of acetic 
acid with the mineral will be fairly highly dissociated, thus supplying 
the solution at equilibrium with a certain concentration of acetic ion. 
The presence of this acetate ion will depress or prevent the further 
ionization of the acetic acid in solution, and thus practically limit the 
action of the acetic acid to its original H ion concentration. This same 
explanation will hold for other slightly dissociated acids. 

The general relation existing between the H ion concentration of 
acids and the amounts of Ca, of Mg, or of K in solution, may have the 
following practical application. It is desired to determine the effect of 
certain acids upon a mineral. This mineral may be studied in equi- 
librium with different concentrations of HCl, and the logarithmic 
graph constructed as in the foregoing mineral series. Any point on this 
graph represents a ratio of log. H ion to log. Ca, or whatever base it is 
desired to consider, in solution. Thus, by determining the H ion con- 
centration of the acid whose action it is desired to predict, we may, by 
referring to the graph, estimate the magnitude of. the effect of the acid 
upon the mineral, at least within certain limits already discussed. The 
application suggested above may be made to the effect of acids produced 
by bacterial growth, and in the prediction of their action upon a given 
mineral. 
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The above application is suggested merely as a possibility, and it is 
fully recognized that there is room for much further study and research 
before the existence of such a general relationship can be definitely 
established. It must be emphasized also that the constants for one 
mineral and one set of conditions can not be applied directly to another 
mineral and a different set of conditions. The constants must be de- 
termined, and the resulting graph constructed for every application of 
the relation suggested. 

The data obtained from the bacterial series still await consideration. 
As expressed in tables 26 to 38, and in the corresponding figures, the 
action of the acids produced by bacteria seems to differ in magnitude 
from the action of the acids used in the foregoing series. In regard to 
this difference, it should be observed that Ch, the H ion concentration, 
was determined, for the bacterial series, in solution cultures with no 
mineral present. Had the bacterial grow.th been stopped immediately 
following the H ion determination, and had this solution then been 
brought into contact with the mineral, the magnitude of the effect 
should have been comparable with that of the acid series. Instead, the 
amounts of material coming into solution were determined in a series 
parallel with the above, wherein bacteria were grown in solution in 
contact with the minerals. It had been assumed that the rate of H ion 
production would be the same, both in solution culture and in solution 
in contact with the mineral. This assumption was found to be incorrect. 
In the mineral cultures the acid was partly neutralized as produced, 
and the growth of the organism was not inhibited by the increasing 
concentration of acid as it was in the dextrose solution with no mineral. 
Consequently, the total H ion as produced in the mineral cultures, and 
indicated by the large relative amounts of material coming into solution 
in these cultures, was much greater than that produced in the parallel 
series without mineral. Since the data for H ion, Ch, as expressed in 
the tables, were obtained from the latter series, it is obvious that the 
graphs plotted from a^ratio of H ion, as determined in dextrose solution, 
to material in solution, as determined in the mineral cultures, are not 
directly comparable with the graphs for the equilibria between acids and 
minerals. 

The lack of agreement between the acid series and the bacterial 
series is made evident by a review of the curves and the corresponding 
constants for the bacterial series. The graphs are straight lines, but 
they have less slope than do those graphs for the corresponding mineral 
in equilibrium with the acids. For instance, the constant, K, *for ortho- 
clase and Azotobacter is 19.77 against a value approaching 1(H for 
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orthoclase and the acids, and the graph for the former has much 
less slope than the graph for the latter. The constant, K, for orthoclase 
and coli is 13,490, against 10^ for orthoclase and the acids. JB. lactis 
acidiy which produced acid very slowly, is represented by graphs which 
more nearly resemble those of the acid-mineral series, and the value for 
K for calcium from orthoclase, for instance, is 0.0006652. Since dis- 
crepancies of the Ksame general nature and magnitude as those just 
pointed out, are apparent in the other graphs and constants for the 
bacterial-mineral series, the reader is referred to the graphs and tables 
for further comparisons. 

The important point brought out by the bacterial series is that the 
graphs for calcium, for magnesium, and for potassium are straight lines, 
and that x and K are constant for a given series. Thus it is shown that 
the reactions between minerals and the acids produced by bacterial 
growth, conform with the given empirical formula. Since this same 
formula has been successfully applied to the chemical equilibria between 
various acid solutions and the s.ame minerals, it may be concluded that 
the action of bacterial end-products upon minerals, at least when these 
end-products are acids, is explainable ppon the basis that it is a chemical 
reaction. 


SUMMARY 

Equilibria of certain minerals and various concentrations of acids 
are studied. 

Equilibria of the same minerals with solutions in which bacteria are 
producing acid are also studied. 

The data obtained from the acid-mineral series are applied to the 

formula — = K. 

Ca 

It is found that the reactions occurring in the rnineral-acid equilibria 
conform with the given formula. 

It is suggested that a general relation exists between the initial 
H ion concentration of the acid and the amount of material which the 
acid brings into solution when in contact with a mineral. 

A practical application of the relation just referred to, is suggested. 
The data obtained from the bacterial studies are applied to the 

formula — = K. 

Ca 

The reactions occurring in the bacterial series also conform with the 
above formula. 
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It is concluded that the action of acid bacterial end-products upon 
minerals is jBxplainable as a chemical reaction. 

The author wishes to express his gratitude to Dr. C. B. Lipman 
for the suggestion of the problem and for his interest and help during 
the progress of the work, and to Professor L. T. Sharp and Dr. D. D. 
Waynick for many helpful suggestions. 

Transmitted September S, 1919. 
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NOTE 

The following legend refers to all the figures: 

+ ~ Curve for Calcium. 

O == Curve for Magnesium. 

© — Curve for Potassium or Iron. 

The numbers along the ordinates represent the logarithms of the 
H ion concentrations, or log. Ch. Those along the abscissas measure 
the logarithms of the concentrations, or log. Ca, of calcium, magnesium, 
iron, or potassium. 



7.0 6.0 5.0 4.0 3.0 2.0 

Fig. 0. 

(See Table 8) 

Relation of log. H ion, HCl, to log. H ion, 
HCl -f Orthoclase. 
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TABLE I 

Hydrochloric Acid and Calcium Silicate 


Concentration 

HCl 

Chf H ion 

Hydrochloric 

Acid 

Log. H ion 

Hydrochloric 

Acid 

N5 

0.0882 

2.94547 

N25 

0.0218 

2.33846 

N50 

0.0135 

2.13003 

N 100 

0.00685 

3.83569 

N250 

0.00321 

3.50651 

N600 

0.00114 

3.05690 

N 1,000 

0.000677 

4.83059 

N 2,000 

0.000281 

4.44871 

N 5,000 

0.0000326 

5.51322 

N 10,000 

0.0000192 

6.28330 


H ion Ca, Calcium, Log. Calcium 

Hydrochloric Acid MoIb. per Mols. per 
+Calcium Silicate Liter Liter 

0.0313 0.00306 3.485721 

0.00000534 0.00218 3.338456 

0.00000175 0.00121 3.02785 

0.000000671 0.000685 4.835691 

0.000000131 0.000376 4.575188 

0.0000000842 0.000240 4.380211 

0.0000000587 0.000159 4.201397 

0.0000000965 0.000122 4.086360 

0.0000000719 0.000120 4.079181 

0.000000620 0.000117 4.068168 


Constants for the equation — = K: 

c* 

X = 0.636 
K = 0.01391 
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TABLE 2 

Sulfuric Acid and Calcium Silicate 


Concentration 

Ch, H ion 
Sulfuric 

Acid 

Loff. H ion 
Sulfuric 

Acid 

H ion 

Sulfuric Acid 
4*Calcium Silicate 

Ca, Calcium 
Mole, per 
Liter 

Log. Calcium 
Mdb. per 
Liter 

N5 

0.0567 

2.75358 

0.0300 

0.00188 

3.274158 

N25 

0.0186 

2.26951 

0.00000579 

0.00197 

3.294466 

N50 

0.0130 

2.11394 

0.000000450 

0.00115 

3.060698 

N 100 

0.00632 

3.80072 

0.000000203 

0.000655 

4.816241 

N250 

0.00296 

3.47129 

0.0000000810 ‘ 

0.000356 

4.551450 

N500 

0.00162 

'3.20952 

0.0000000719 

0.000218 

4.338456 

N 1,000 

0.000931 

4.96895 

0.000000180 

0.000148 

4.170262 

N 2,000 

0.000600 . 

4.77815 

0.0000000323 

0.000099 

5.995635 

N 5,000 

0.000259 

5.41330 

0.0000000235 

0.000079 

5.897627 

N 10,000 

0.000174 

4.240S5 

0.0000000364 

0.000089 

5.949390 



By graphical average: 

X = 0.799 
K = 0.2642 
By calculation: 

X - 0.858 ± 0.0074 C. v. = 5.99% 

K = 0.7332 =fc 0.0313 C. v. = 29.05% 
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TABLE 3 


Oxalic Acid and 

Calcium Silicate 

Ch» H ion 
Oxalic 

Concentration Acid 

Log. H ion 
Oxalic 

Acid 

H ion Ca, Calcium Log. Calcium 

Oxalic Acid Mole, per Mols. per 

-f-Calcium Silicate Liter Liter 

N5 

0.0218 

2.33846 

0.0347 

N25 

0.0110 

2.04139 

0.0000192 

N60 

0.00561 

3.74896 

0.00000175 

N 100 

0.00347 

3.54033 

0.000000433 

N250 

0.00169 

3.22789 

0.0000000941 

N500 

0.00105 

3.02119 

0.0000000778 

N 1,000 

0.000554 

4.74351 

0.0000000719 

N 2,000 

0.000317 

4.50106 

0.0000000637 

N 5,000 

0.000132 

4.12057 

0.0000000544 

N 10,000 

0,0000785 

5.89487 

0.000000469 * 




TABLE 4 




Phosphoric Acid and Calcium Silicate 


Concentration 

Cb, H ion 

Phosphoric 

Acid 

Log. H ion 
Phosphoric 
Acid 

H ion 

Phosphoric Acid 
4'Calcium Silicate 

Cn. Calcium 
Mols. per 
Liter 

Log. Calcium 
Mols. per 
Liter 

N5 

0.0125 

2.09691 

0.0498 

0.00307 

3.487138 

N25 

0.00632 

3.80072 

0.00000707 

0.000872 

4.940516 

N50 

0.00424 

3.62737 

0.00000294 

0.000525 

4.720159 

N 100 

0.00273 

3.43616 

0.00000054 

0.000366 

4.563418 

N250 

0.00144 

3.15836 

0.000000268 

0.000208 

4.318063 

N500 

0.000762 

4.88195 

0.0000000941 

0.000149 

4.173186 

N 1,000 

0.000372 

4.57054 

0.0000000482 

0.000109 

4.037426 

N 2,000 

0.000213 

4.32838 

0.0000000350 

0.000089 

5.949390 

N 5,000 

0.0000642 

5.80754 

0.0000000235 

0.000074 

5.869232 

N 10,000 

0.0000431 

5.63448 

0.0000000395 

0.000074 

Bi.869232 


Constants for the equation 

li 




X = 

0.835 





K = 

0.4448 
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Figure 4. 

Phosphoric Acid and Calcium fc^ilicate. 
(8ee Table 4) 
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TABLE 5 

Lactic Acid and Calcium Silicate 


Concentration 

Ch. H ion 
Lactic 

Acid 

Log. H ion 
Jjactic 

Acid 

H ion 

Lactic Acid 
-4-Calcium Silicate 

Ca» Calcium 
Mole, per 
Liter 

Log. Calcium 
Mole, per 
Liter 

N 5 

0.00561 

3.74896 

0.00577 

0.00308 

3.488551 

N25 

0.00252 

3.40140 

0.000130 

0.00201 

3.303196 

N 50 

0.00169 

3.22789 

0.00000108 

0.00123 

3.089905 

N 100 

0.00114 

3.05690 

0.000000572. 

0.000812 

4.909556 

N250 

0.000677 

4.83059 

0.000000141 

0.000445 

4.648360 

N500 

0.000472 

4.6739^ 

0.0000000877 

0.000208 

4.318063 

N 1,000 

0.000270 

4.43136 

0.0000000719 

0.000148 

4.170262 

N 2,000 

0.000189 

4.27646 

0.0000000364 

0.000099 

5.995635 

N 5,000 

0.000112 

4.04922 

0.0000000395 

0.000079 

5.897627 

N 10,000 

0.0000547 

5.73799 

0.000000126 ^ 

0.000074 

5.869232 


Constants for the equation — = K: 

By graphical average: 

X * 1.144 
K = 14.86 

Constants by calculation : 

X « 1.118 =t 0,0368 C. V. = 25.9% 
K = 12.09 ± 0.326 C. v. = 12.01% 
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TABLE 6 


Formic Acid and Calcium Silicate 


Concentration 

Ch, H ion 
Formic 

Acid 

Log. H ion 
Formic 

Acid 

H ion 

Formic Acid 
+Calcium Silicate 

Ca. Calcium 
Mole, per 
Liter 

Log. Calcium 
Mols. per 
Liter 

N5 

0.00518 

3.71433 

0.00577 



N25 

0.00233 

3.30736 

0.0000635 



N 60 

0.00156 

3.19312 

0.000000620 

0.00119 

3.075547 

N 100 

0.0010 

3.00000 

0,000000327* 

0.000694 

4.841359 

N 250 

0.000762 

4.88195 

0.0000000719 

0.000365 

4.563481 

N500 

0.000472 

4.67394 

0.0000000522 

0.000208 

4.318063 

N 1,000 

0.000343 

4.53529 

0.0000000350 

0.000138 

4.139879 

N 2,000 

0.000181 

4.25768 

0.0000000276 

0.000119 

4.075547 

N 5,000 

0.0000753 

5.87679 

0.0000000245 

0.000099 

5.995635 

N 10,000 

0.0000398 

5.59988 

0.0000000719 

0.0000248 

'5.394452 


Constanta for the equation 


Cfi 


Ca 


K: 


X = 1.324 
K = 335.5 
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TABLE 7 

Acetic Acip and Calcium Silicate 


Conoentration 

H ion 
Acetic 

Acid 

Log. H ion 
Acetic 

Acid 

H ion 

Acetic Acid 
+Calcium Silicate 

Ca, Calcium 
Mole, per 
Liter 

Log. Calcium 
Mole, per 
Liter 

N6 

0.00224 

3.35025 

0.000547 

0.00285 

3.454845 

N25 

0.000860 

4.93450 

0.00000797 

0.00250 

5.397940 

N50 

0.000677 

4,83059 

0.00000100 

0.00126 

3.100371 

N 100 

0.000454 

4.65706 

0.000000279 ‘ 

0.000742 

4.870404 

N250 

0.000387 

4.58771 

0.000000116 

0.000347 

4.540329 

N600 

0.000213 

4.32838 

0.0000000350 

0.000178 

4.250420 

N 1,000 

0.000189 

4.27646 

0.0000000395 

0.0000892 

5.950365 

N 2,000 

0.000104 

4.01703 

0.0000000350 

0.0000694 

5.841359 

N 5,000 

0.0000884 

5.94645 

0.000000116 

0.0000694 

5.841359 

N 10,000 

0.0000414 

5.61700 

0.000000238 

0.0000495 

5.694606 


Constants for the equation — = K : 

C. 

X == 1.465 
K « 941.2 
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TABLE 8 


Hydrochloric Acid and Orthoclase 


Conoentration 

Chf H ion 

Hydroohlorio 

Aoid 

Log. H ion 

Hydrochloric 

Aoid 

H ion 

Hydrochloric Aoid 
+OrthoclaBe 

Ca> Calcium 
Mols. per 
Liter 

Log Calcium 
Mols. per 
Liter 

N5 

0.0882 

2.94547 

0.0615 

0.00159 

3.201397 

N25 

0.0218 

2.33846 

0.0218 

0.001449 

3.159567 

N50 

0 0135 

2.13003 

0.00836 

0.001045 

3.019116 

NlOO 

0.00685 

3.83569 

0.00296 

0.00094 

4.973128 

N250 

0.00321 

3.50651 

0.000554 

0.000685 

4.835691 

N500 

0.00114 

3,05690 

0.0000784 

0.000565 

4.752048 

N 1,000 

0.000677 

4.83059 

0.000000935 

0.00056 

4.748188 

N 2,000 

0.000281 

4.44871 

0.00000110 

0.00040 

4.602060 

N 5,000 

0.0000326 

S.51322 

0.000000261 

0.00038 

4.579784 

N 10,000 

0.00000192 

6.28330 

0.00000010 

0.000336 

4.526339 


Constants for Calcium: 


X = 0.225 
K = 0.000006310 
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TABLE 9 


Oxalic Acid and Orthoclabb 


Concentration 

Cbt H ion 
Oxalic 

Acid 

Log. H ion 
Oxalic 

Acid 

H ion 

Oxalic Acid 
+Orthocla8e 

Ca, Calcium Log. Calcium 
MoIb. per Mols. per 

Liter Liter 

N6 

0.0218 

S.33846 

0.0245 


N26 

0.0110 

2.04139 . 

0.00905 


N50 

0.00561 

3.74896 

0.00376 


NlOO 

0.00347 

3.54033 

0.000650 


N250 

0.00169 

3.22789 

0.00000564 


N600 

0.00105 

3.02119 

0.000000735 


N 1,000 

0.000554 

4.74351 

0.000000438 


N 2,000 

0.000317 

4.56937 

0.000000294 


N 5,000 

0.000132 

4,12057 

0.00000294 • 


N 10,000 

0.0000785 

5.89487 

0.00000294 





TABLE 10 





Lactic Acid and Orthoclabb 



Concentration 

Ch, H ion 
Lactic 

Acid 

Log. H ion 
Lactic 

Acid 

H ion 

Lactic Acid 
+Orthocla8e 

Cr, Calcium 
Mols. per 
Liter 

Log Calcium 
Mola. per 
Liter 

N5 

0.00561 

3.74896 

0.00441 

0.001190 

5.075547 

N25 

0.00252 

3,40140 

0.00123 

0.00094 

4.973128 

N50 

0.00169 

3.22789 

0.000650 

0.00077 

4.886491 

NlOO 

0,00114 

3.05690 

0.000372 

0.000495 

4.694605 

N250 

0.000677 

4.83059 

0.000181 

0.00073 

4.863323 

N500 

0.000472 

4.67394 

0.0000414 

0.000495 

4.694605 

N 1,000 

0.000270 

4.43136 

0.00000322 

0.000465 

4.667453 

N 2,000 

0.000189 

4.27646 

0.00000217 

0.000475 

4.676694 

N 5,000 

0.000110 

4.04139 

0.000000282 

0.000366 

?.563481 

N 10,000 

0.0000547 

5.73799 

0.000000261 

0.000238 

4.376577 


Constants for Calcium: 
X = 0.324 
K = 0.00002661 



L922] W 


283 




284 


University of California Publications in Agricultural Sciences [Vol. 4 


TA3LE 11 

Formic Acid and Orthoclasb 


Concentration 

Ch. H ion 
Formic 

Acid 

Log. H ion 

Formic 

Acid 

N5 

0.00518 

3.71433 

N25 

0.00233 

3.36736 

N50 

0.00156 

3.19312 

NlOO 

0.0010 

3.00000 

N250 

0,000762 

4.88195 

N500 

0.000472 

4.67394 

N 1,000 

0.000343 

4.53529 

N 2,000 

0.000181 

4.25768 

N 5,000 

0 0000753 

5.87679 

N 10,000 

0.0000398 

5.59988 


Constants for Calcium: 

X = 0.142 
K = 0.000001427 


H ion 

Formic Acid 
-j-Orthoolase 

Cb, Calcium 
Mols. per 
Liter 

Log. Calcium 
Mols. per 
Liter 

0.00296 

0.000862 

4.935507 

0.000677 

0.000812 

4.909556 

0.000270 

0.000723 

4.859138 

0.0000957 

0.000713 

4.853090 

0.0000153 

0.000605 

4.781755 

0.00000579 

0.000535 

4.728354 

0.000000197 

0.000535 

4.728354 

0.000000197 

0.000495 

4.694605 

0.000000205 ^ 

0.000475 

4.676694 

0.0000000923 

0.000426 

* 

4.629410 
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Figure 11. 

Formic Acid and Orthoclase. 
(See Table 11) 
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TABLE 12 


Acetic Acid and Obthoclase. 



Ch. H ion 
Acetic 

Log. H ion 
Acetic 

H ion 

Acetic Acid 

Calcium 
Mole, per 

Log. Calcium 
Mms. per 

Concentration 

Acid 

Acid 

4-Orthoola80 

Liter 

Liter 

N5 

0.00224 

3.35025 

0.000472 

0.000074 

4.869232 

N25 

0.000860 

4.93450 

0.000132 

0.000058 

4.763428 

N60 

0.000677 

4.83059 

0.0000696 • 

0.00062 

4.792392 

N 100 

0.000454 

4.65706 

0.0000431 

0.00065 

¥.812913 

N250 

0.000387 

4.58771 

0.0000179 

0.00051 

4.707570 

N500 

0.000213 

4.32838 

0.00000745 

0.00048 

4.681241 

N 1,000 

0.000189 

4.27646 

0.00000225 

0.00043 

4.633468 

N 2,000 

0.000104 

4 01703 

0.000000627 

0.00039 

4.591065 

N 5,000 

0.0000884 

5.94645 

0.000000438* 

0.00033 

¥.518514 

N 10,000 

0.0000414 

5.61700 

0.000000261 

0.00029 

¥.462398 


Constants for Calcium: 

X « 0.235 
K = 0.000006966 
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Figure 13. 

Hydrochloric Acid and Biotite. 
(See Table 13) 


Sulfuric Acid and Biotite. 
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Figure 21. 

Sulfuric Acid and Granite. 
(See Table 21) 
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TABLE 22 

Oxalic Acid and Granite 


Concentration 

Ch. H ion 
Oialio 

Acid 

Loff. H ion 
Oxalic 

Acid 

H ion 

Oxalic Acid 
+Qranite 

N5 

0.0213 

2.33846 

0.0255 

N25 

0.0110 

2.04139 

0.00772 

N60 

0.00561 

3.74896 

0.00226 

NlOO 

0.00347 

3.54033 

0.00000129 

N250 

0.00169 

3.22789 

0.0000141 

N600 

0.00105 

3.02119 

0.00000254 

N 1,000 

0.000554 

4.74351 

0.000000863 

N 2,000 

0.000317 

4.50106 

0.000000421 

N 5,000 

0.000132 

4.12057 

0.000000241 

N 10,000 

0.0000785 

5.89487 

0.000000261 


Iron Loff. Iron 

MoIb. per Mds. per 

Liter Liter 


TABLE 23 

Phosphoric Acid and GranIte 


Coneen> 

tration 

Ch. H ion 

Phosphoric 

Acid 

Log. H ion 
Phosphoric 
Acid 

H ion 

Phosphoric Acid 
+Granite 

C», Iron 
Mols. per 
Liter 

Log. Iron 
Mols. per 
Liter 

Ca, Calcium 
Mols. per 
Liter 

Log. Calci- 
um Mols. 
per Liter 

N6 

0.0125 

2.09691 

0.001 

0.00496 

3.695482 

0.00174 

3.232996 

N25 

0.00632 

3.80072 

0.00296 

0.00410 

3.612784 

0.000119 

4.075547 

N50 

0.00424 

3.62737 

0.0001 

0.00351 

3.545307 

0.000178 

4.250420 

NlOO 

0.00273 

3.43616 

0.0000486 

0.00716 

3.334454 

0.000515 

4.711807 

N250 

0.00144 

3.15836 

0.00000461 

0.000675 

4.829304 

0.000505 

4.703291 

N500 

0.000762 

4.88195 

0.000000232 

0.000308 

4.488551 

0.000416 

4.619093 

N 1,000 

0.000372 

4.57054 

0,000000117 

0.000188 

4.274158 

0.000436 

4.639486 

N 2,000 

0.000213 

4.32838 

0.0000000787 

0.000159 

4.201397 

0.000386 

4.586587 

N 5,000 

0.0000642 

5.80754 

0.0000000961 

0.000148 

?.170262 

0.000297 

1.472756 

N 10,000 0.0000431 

5.63448 

0,000000222 

0.000119 

4.075547 

0,000376 

4.575188 


Constants for Calcium: 

X = 0.136 
. K « 0.000001987 
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Figure 24. 

Lactic Acid and Granite. 
(See Table 24) 
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Figure 25. 

Formic Acid and Granite. 
(See Table 26) 
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TABLE 27. 

Orthoclase and Azotobactbr. 


Time 

Days 

Ch« H ion 
Dextrose 
+ABotobaoter 

Log. H ion 

Dextrose 

+Asotobaoter 

H ion 

Orthoclase 

H-Asotobaoter 

Cat Calcium 
Mols. per 
Liter 

Log. Calcium 
Mols. per 
Liter 

0 

0.00000282 

6.460249 

0.000000962 

0.000238 

4.376577 

1 

0.00000261 

6.416641 

0.000000787 

0.000675 

4.829304 

2 

0.00000331 

6.519828 

0.00000161 

0.000455 

4.658011 

3 

0.00000369 

6.555094 

0.000000887 

0.000675 

4.774517 

5 

0.00000421 

6.624282 

0.000000887 

0.000852 

4.930440 

7 

0.00000534 

6.727541 

0.00000197 

0.00107 

3.029384 

9 

0.00000627 

6.797268 

0.00000251 

0.00404 

3.606381 

11 

0.00000935 

6.970812 

0.00008331 

0.00198 

3.296665 

16 

0.0000177 

5.247973 

0.00000389 

0.00119 

3.075547 


Constants for Calcium: 
X « 1.804 
K « 19.77 
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TABLE 30 

Calcium Silicate and Azotobacteb 


Time 

Days 

Ch* H ion 
Dextrose 
+A 80 tobacter 

Log. H ion 

Dextrose 

4-Azotobacter 

H ion 

Calcium Silicate 
+AaotobactGr 

Cii» Calcium 
Mob. per 
Liter 

Log. Calcium 
Mole, per 
Liter 

0 

0.00000282 

6.450249 

0.0000000778 

0.00142 

3.152288 

1 

0.00000261 

6.416641 

0.0000000778 

0.00201 

3.303196 

2 

0.00000331 

6.519828 

0.0000000912 

0.00186 

3.269513 

3 

0.00000359 

'6.555094 

0.0000000912 

0.00196 

3.292256 

5 

0.00000421 

6.624282 

0.0000000112 

0.00279 

3.445604 

7 

0.00000534 

6.727541 

0.0000000941 



9 

0.00000935 

6.797268 

0.000000107 

0.00396 

3.597695 

11 

0.00000935 

6.960812 

0.0000000778 

0.00396 

3.597695 

16 

0.0000177 

5.247973 

0.000000731 

0.00406 

3.695482 


Constants for Calcium: 

X = 1,280 

K = 0.03381 
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TABLE 31 

Orthoclase and B. Coli 


Time 

Days 

Ch, H ion 
Dextrose 
+B. Coli 

Log. H ion 
Dextrose 
+B. Coli 

H ion 

Orthoclase 
+B. Coli 

Ca. Calcium 
Mols. per 
Liter 

Log. Calcium 
Mols. per 
Liter 

0 

0.00000261 

6.416641 

0.000000962 

0.000694 

4.841359 

1 

0.000301 

4.478566 

0.000141 

0.000753 

4.876795 

2 

0.000486 

4.686636 

0.000267 

0.00206 

3.313867 

3 

0.000505 

4.703291 

0.000339 

0.00230 

3.361728 

5 

0.000505 

4.703291 

0.000289 

0.00224 

3.350248 

7 

0.000467 

4.669317 

0.000278 

0.00270 

3.431364 

9 

0.000414 

4.617000 

0.000237 



11 

0.000467 

4.669317 

0.009313 

0.00282 

3.450249 

16 

0.000431 

4.634477 

0.000179 

0.00271 

3.432969 


Constants for Calcium; 

X « 1.690 

K « 13,490.0 
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Figure 31. 

Orthoclase and B. Coli. 
(See Table 31) 
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TABLE 34 


Calcium Silicate and B. Coli 


Time 

Days 

Ch. H ion 
Dextrose 
-f-B. coli 

Log. H ion 
Dextrose 
+B. coli 

H ion 

Calcium Silicate 
+B. coli 

Ca. Calcium 
Mols. per 
Liter 

Log. Calcium 
per 

Liter 

0 

0.000000261 

6.416614 

0.000000220 

0.00337 

3.527630 

1 

0.000301 

4.478566 

0.0000716 

0.0108 

2.033424 

2 

0.000486 

4.686636 

0.0000564 

0.0397 

2.598791 

3 

0.000505 

4.703291 

0.0000687 

0.0626 

2.720986 

5 

0.000535 

4.728354 

0.0000806 

0.0723 

2.859138 

7 

0.000567 

4.753583 

0.0000745 

0.0848 

2.928396 

9 

0.000584 

4.766413 

0.0000716 

0.0972 

5.987666 

11 

0.000597 

4.775974 

0.0000716 

0.1018 

1.007748 

16 

0.000579 

i.762679 

0.0000635 

0.1238 

T.092721 


Constants for Calcium: 

X = 5.070 
K « 1,667. X 10“ 
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Figure 34. 

Calcium Silicate and B. coli. 
(See Table 34) 
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TABLE 35 

Obthoclasb and B. Lactis Acidi 


Time 

Days 

Chi H ion 
Dextroae 
-f B. lactis acidi 

Log. H ion 

Dextrose 

+B. lactis acidi 

H ion 

Orthoelase 
+B. lactis acidi 

Ca, Calcium 
Mola. per 
Liter 

Log. Calcium 
Mols. per 
Liter 

0 

0.00000421 

6.624282 

0.000000354 

0.00147 

3.167317 

1 

0.0000157 

5.195900 

0.00000935 

0.000912 

4.959995 

2 

0.000228 

4.357935 

0.00000967 

0.000852 

4.930440 

3 

0.000398 

4.599883 

0.00000967 

0.00162 

3.209515 

5 

0.000642 

4.807535 

0.0000217 

0.00228 

3.357935 

7 

0.000696 

4.842609 

0.0000170 

0.00235 

3.371068 

9 

0.000696 

4.842609 

0.0000192 

0.00249 

3.396199 

11 

0.000789 

?.897077 

0.0000244 

0.00271 

3.432969 

16 

0.000642 

4.807535 

0.0000286 

0.00210 

3.322219 


Constants for Calcium: 
X = 0.867 
K = 0.0006652 
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Figure 37. 

Granite and B. lactis acidi. 
(See Table 37) 
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TABLE 38 


Calcium Silicate and B. Lactis Acidi 


Time 

Days 

Ch> H ion 
Dextrose 
-}-B. lactis acidi 

Log. H ion 

Dextrose 

+B. lactis acidi 

H ion 

Calcium Silicate 
HhB. lactis acidi 

Cft, Calcium 
Mols. per 
Liter 

Log. Calcium 
Mms. per 
Liter 

0 

0.00000421 

6.624282 

0.0000000877 

0.00229 

3.359835 

1 

0.0000157 

5.195900 

0.000000136 

0.00248 

3.394452 

2 

0.000228 

4.357935 

0.000000142 

0.00475 

3.676694 

3 

0.000398 

4.599883 

0.0000000778 

0.00416 

3.619093 

5 

0.000642 

4.807535 

0.0000000778 

0.00486 

3.686636 

7 

0.000696 

4.842609 

0.0000000411 

0.00554 

3.743510 

9 

0,000696 

4.842609 

0.0000000544 

0.00545 

3.736397 

11 

0.000789 

4.897077 

0.0000000544 

0.00525 

5.720159 

16 

0.000642 

4.807535 

0.0000000544 

0.00565 

3.752048 


Constants for Calcium: 

X = 0,170 
K « 0.0000002710 
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INTRODUCTION 

The unparalleled progress made during recent years in chemistry 
and physics has given decided impetus to the development of scientific 
methods in soil science and in the science of plant physiology, which 
are rapidly supplanting the older, more empirical methods of experi- 
mentation.*^*' New and improved procedures are constantly appearing 
for the elucidation of problems involving a lack of soil fertility, while 
the fundamental questions of plant nutrition are being investigated 
with thoroughness and the results interpreted with discriminating 
care. 


* Literature cited, pp. 393 to 396. 
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At present, the more important factors recognized as bringing 
about a state of infertility in soils are: 

1. Untoward climatic conditions. 

2. Too slight A concentration, at some time during the growth 
period, of one or more essential mineral elements dissolved in the soil 
solution, or the lack in the solution of a proper physiological balance 
of ions or salts. 

3. The presence of substances dissolved in the soil solution which 
may be toxic to plant growth; these may be either of organic or 
inorganic nature. 

4. Poor physical conditions obtaining in either the surface or the 
subsoil. 

5. A condition of either abnormal or subnormal activity on the 
part of certain of the soiPs micro-organic population. 

6. The absence of sufficient quantities of organic materials under- 
going active decomposition. 

Until comparatively recently, agricultural chemists and students 
of plant nutrition have accepted the earlier and more obvious explana* 
tions of most of these facts without question, while the newer concep- 
tions went unproved and unchallenged. Now, however, studies of 
cell permeability are being made, the questions of antagonism between 
ions, and of proper physiological balance between salts in both soils 
and solution cultures are being considered, while explanations of 
such observations are being advanced. The rapidity with which a 
soil is able to replenish or renew solutes absorbed from its solution, 
as well as the total concentration at any given time during the growth 
period, is now recognized as of extreme importance to continued crop 
production. The use of the conductivity apparatus and the cryoscopic 
method has given much valuable comparative data along these lines, 
and has opened fields heretofore unexplored, while delicate quantita- 
tive methods have also been perfected in this connection. Great ad- 
vances have recently been made in the study of the nature of soil 
acidity as well as in methods for its accurate determination. And 
finally, the recent investigations in the realm of soil colloids — ^the effects 
upon the colloids of salt applications, as well as the direct effects of 
the colloids themselves in regulating the concentration of the soiUs 
solution, and in modifying its moisture relations — should receive 
merited attention. 

Armed with this knowledge, the soil scientist is today better able 
than ever to cope with the many obscure and puzzling problems of 
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low productivity in soils, which, although everywhere encountered, 
are especially apparent in the more arid or semi-arid sections of this 
country. The application of these modem methods to the solution of 
practical field problems now demands our attention if their benefits 
are to be of direct value to the practice of agriculture. To this end, 
the experiments herein described were undertaken. 


Statement op the Problem 

Large areas of tidewater and overflow lands bordering the San 
Pablo and San Francisco hsiys and the Sacramento and San Joaquin 
rivers have* in the past been drained and are at present used to grow 
a variety of crops. Certain areas within these reclaimed sections, 
varying in extent from an acre to many hundreds of acres, are unpro- 
ductive for certain crops. The study discussed in this paper deals 
with a careful investigation of one partially unproductive area com- 
prising about a thousand acres, located at Ignacio, California, on 
the property’' of the California Packing Corporation. The owners of 
this ranch were especially desirous of growing peas for canning pur- 
poses on the land under experiment, but have had very poor crops 
during the past few years. The peas ordinarily sprout and come 
up well, but when five or six inches high, turn yellow and gradually 
die. A few plants of each crop always mature, but hardly a third of a 
normal crop usually is harvested. When we consider that there are 
thousands of acres of similar lands in California which have been 
drained and brought under cultivation at great expense, the importance 
of a careful and thorough study of this problem can hardly be over- 
emphasized. 


METHODS EMPLOYED 

As has been stated, one of the main objects of the present investiga- 
tion was to test the applicability of certain modern methods of soil 
research to the solution of a practical field problem. Among those 
methods which have recently come into considerable prominence may 
be cited the periodical-water-extraction procedure, which has been 
largely developed and standardized by the work of Burd,® Hoagland,^^ 
and Stewart.** The water extraction idea for soil investigations is 
not a new one. It has been used in Europe for over sixty years,* and 


^ An extensive bibliography is given by Stewart.^^ 
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twenty years ago in this country, Bang®’* applied it to comparative 
fertility work in the field. Also, in the method proposed by Burd and 
his associates the extraction procedure and certain other details are 
quite similar to those used by our Federal Bureau of Soils many years 
ago. The difference between the two lies in the manner of application 
to the problem, and in the method of interpreting the results. One of 
the chief points of weakness attaching to the procedures of the earlier 
workers, and never satisfactorily overcome by them, has now been 
surmounted through the careful and painstaking work of Stewart,** 
Hibbard,^ and others. I refer to methods of chemical analysis of 
the soil extract. In the earlier work, analytical methods were usually 
far too crude to differentiate between the slight differences often obtain- 
ing. Inaccurate colorimetric methods were then the rule. Today, 
these have largely been supplanted by volumetric and gravimetric 
procedures which insure more accurate results. The general method 
of experimentation mentioned above is given in detail by Stewart.^* 

During the past few years several field tests with fertilizers have 
been made upon the soil under study. The application of lime has 
occasionally increased yields somewhat, and the addition of super- 
phosphate has consistently improved conditions, although the cost of 
the applications has not always been met. A preliminary examination 
made by the writer showed the soil to be very acid in reaction, while 
the deeper layers of the subsoil carried large quantities of the white 
alkali” salts, notably sulfates. 

With the results and methods just discussed in mind, it was decided 
to conduct two series of experiments; first, a set of plot tests in the 
field, applying superphosphate to certain plots and liming others to 
neutrality, proper checks being maintained ; and, second, a pot experi- 
ment with various soil amendments, to be carried out in the greenhouse 
on the campus of the University of California ; the same soil to be used 
and peas to be grown in both cases. The two crops were to be planted 
at the same time, and soil samples were to be drawn periodically 
from each, extracted and analyzed. Soil reaction under the growing 
crops was also to be closely followed, while alkali determinations were 
to be made from time to time in the field soil. The presence or absence 
of soluble organic soil toxins could also be noted by the application of 
an excess of CaCOg, for Truog and Sykora*® have shown such poisonous 
constituents to be rendered innocuous in soils by the complete neutrali- 
zation of soil acidity as well as by the use of certain other soil amend- 
ments. 
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Both the field and the pot soils were sampled every four weeks 
during the growing period except as noted below. A aample was 
drawn from directly beneath the row of growing plants, from four 
places in each plot (see fig. 1), care being taken to obtain a repre- 
sentative sample down to a depth of 7 inches (surface soil). The 
twelve individual samples from the checks and a like number from the 
phosphate plots were then mixed very thoroughly and quartered down 
for the final composite samples. These were brought at once to the 
laboratory, passed through a 2 mm. sieve, and placed in tight Mason 



jars, after withdrawing suflScient soil for moisture determinations. 
The proper amounts of the moist soils, the percentages of moisture 
being taken into consideration, were then weighed out to make 300 g. 
of water-free soil, to which sufficient distilled water was added to 
bring the proportion of water to soil up to exactly 5 to 1. The mix- 
tures of soil and water were now shaken for one hour in an end- 
over-end shaking machine, running at a speed of 7 revolutions per 
minute. Settling was allowed to take place overnight, after which the 
supernatant liquids were siphoned off and filtered through Pasteur- 
Chamberland filters. The resulting clear solutions were used for 
analysis by methods which will be given later. Hydrogen-ion deter- 
minations were made upon portions of the moist soils as soon as 
received at the laboratory. The hydrogen electrode described by 
Sharp and Hoagland** was employed. 
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In the greenhouse pot experiment a e^rp email-bore 18-ineh cheese 
trier was used in sampling, each core being taken from the entire 
depth of soil. In order to obtain sufficient soil for the water extrac- 
tions, it was necessary to take three cores from each pot at each 
sampling. The resulting holes were always filled with similar dry, 
untreated soil. Proper precautions were employed to avoid subse- 
quent sampling in the same places. The moist soils were placed at 
once in tight Mason jars and hydrogen-ion determinations and extracts 
were subsequently made in exactly the same way as described for the 
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Fig. 2. — Arrangement of pots in greenhouse experiment. 


field samples. Conductivity measurements were made upon the ex- 
tracts at each sampling. The simple Kohlrausch conductivity outfit 
was employed. A detailed description of the apparatus, together with 
conversion tables, is given by Oswald and Luther®* (pp. 461-477). 
The specific resistances (in ohms), rather than their reciprocals, the 
specific conductivities, have been employed in the work hereafter 
reported. 

The clear soil extracts were regularly analysed for the following 
ions, Ca, Mg, K, PO* and NO,, supplemented by occasional deter- 
minations of SO 4 , Cl, and Al. Carbonates and bicarbonates were 
usually absent except where lime was used. The PO,-, Ca-, and K-ions 
were determined in accordance with the methods proposed by Stewart^* 
(pp. 328, 329), except that 600 ee. aliquots were found necessary in 
the case of PO^-ion, while 400 cc. portions were used for Ca and K. 
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Nitrates and chlorides were run by the phenoldisulphonic acid method 
and by titration with a standard silver nitrate solution, respectively. 
These methods are essentially those widely used in sanitary water 
analysis.^ Magnesium was determined gravimetrically as the pyro- 
phosphate in the filtrate from the calcmm oxalate precipitate, after 
first evaporating to dryness and burning off ammonium salts. Sul- 
fates were determined gravimetrically, weighing as BaS 04 . Six hun- 
dred cc. aliquots of the original soil extracts were first evaporated to 
dryness, burned off, and taken up in very dilute hydrochloric acid 
before precipitation with barium chloride. The water-soluble sodium, 
silica, and aluminum were occasionally determined. In all cases ali- 
quots were taken large enough to make possible the use of standard 
gravimetric* procedures. 

At the beginning of the work many determinations were made 
upon identical extracts in order to check up the results as regards 
accuracy of duplication. As a rule, the larger the amounts of the 
various ions present, the more accurate would be the determinations. 
For instance, in the case of K, when that ion was present above 
40 p. p. m. (as was usually the case), duplicate determinations in- 
variably checked within less than 3 p. p. m. In other words, the per- 
centage variation between duplicates was here under 8 per cent. 
Better checks than this were usually obtained with Ca, Mg, NO^, and 
Cl, while with PO 4 , duplicates might differ by 1 p. p. m. when present 
in quantities of less than 5 p. p. m. The very small amounts of phos- 
phorus always present in these soil extracts made this, element un- 
usually difficult to determine accurately. Sulfates always checked 
well in duplicate determinations. 

Stewart*^ (pp. 332, 333) has discussed very fully the form, or 
method, of recording final results, and until more is definitely known 
about the true soil solution, it seems best to the writer, also, to express 
all results as ‘‘parts per million of dry soil,’^ This procedure has 
been followed throughout. 

THE FIELD EXPERIMENTS 
The Soil Type 

The soil at Ignacio has been formed by the deposition of clay and 
very fine silt brought down by the Sacramento River. It is a light 
drab clay loam underlain at a depth of six to seven inches by a very 
deep, almost impervious, clay subsoil of lighter color. Neither the 
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surface nor the subsoil contains gi*itty particles of any kind and when 
wetted, both are extremely smooth, plastic, and sticky. Aeration is 
thus always poor and deep root development impossible. The apparent 
specific gra^ty of the surface soil when air dried and heavily com- 
pacted is 0.970. An acre to a depth of 6 inches thus weighs about 
1,320,000 pounds or 660 tons. Its light weight is due chiefly to the 13 
per cent of organic matter which it contains. The total water holding 
capacity (Hilgard method) is 104% of the moisture-free soil. The 
optimum moisture holding capacity is thus not far from 50% while 
the hygroscopic coefficient is 14%^ 

Chemically, the soil presents a number of very interesting features. 
An analysis made by the Hilgard method (digestion for 40 hours at 
100° C. in HCl, sp. gr. 1.115) on a representative composite sample 
from the poor area under study appears in Table I. Only those ele- 
ments important to a discussion of plant nutrition were determined. 
The table also gives the amounts, in parts per million, of the various 
ions (computed as the oxides for comparison) soluble in water, deter- 
mined by the methods previously described. 


TABLE I 

(Chemical Analysis or Ignacio Boil 


(Reduced to water-free basis) 


Insoluble matter (SiOj) 

Potash (KaO) " 

Soda (NajsO) 

Lime (CaO) 

Magnesia (MgO) 

Iron (FejOa) 'J 

Alumina (AljOa) f 

Phosphoric Acid (PaOe) 

Sulfuric Acid (SO») 

Total nitrogen (N) 

Nitrates (NO,) 

Chlorine (Cl) 

Loss on ignition (volatile) 

Manganese was practically absent, as were also 
Negative tests were noted for ferrous salts. 


Strong Acid 
Soluble Per 

Cent 

Water- 
Soluble 
p. p. m. 

58.60 

55 

0.23 

64 


286 

0.66 

125 

1.34 

75 

21.15 

none 

24 

0.25 

4 

0.62 

400 

0.36 

150 


100 

13.25 




carbonates and bicarbonates. 


These results are inserted merely to show the general chemical 
composition and the relative solubilities of this soil. It is interesting 
to obaerve the reversed “lime-magnesia ratio” when total percentages 
of these compounds are compared with their water-soluble portions; 
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also that the phosphoric acid, although not low in total percentage, is 
but very slightly soluble in water. High amounts of available potassium 
as well as the presence of considerable quantities of water-soluble 
aluminum are also shown. 

As this soil was at one time below the level of San Pablo Bay, it 
was thought desirable at the inception of the work to make a careful 
alkali survey of the area, especially of that portion of it where it was 
later planned to conduct the field experiment. Accordingly, about 
40 samples of surface soil were taken. Several borings were also made 
to a depth of 5 feet, the 1-foot samples being segregated and quanti- 
tatively analyzed for water-soluble chlorides and sulfates. Carbonates 
were absent. Bicarbonates were present in traces only. Table II 
presents the data secured. The figures for the surface soil are averages 
of 40 analyses, all of which agreed fairly closely. The subsoil samples 
(except top foot) are averages of duplicate borings. The number of 
samples averaged appears in the table. 

TABLE II 

Alkali Dbtekminations 



NaCl 

Per Cent.* 

Na8S04 

Per Cent.* 

Surface, 6 to 7 inches (40 samples) 

0.018 

0.066 

Sub-soil, Ist foot (20 samples) 

100 

.180 

Sub-soil, 2d foot (2 samples) 

150 

Heavy testt 

Sub-soil, 3d foot (2 samples) 

450 

Heavy test 

Sub soil, 4th foot (2 samples) 

710 

Heavy test 

Sub-soil, 5th foot (2 samples) 

880 

Heavy test 

The percentages of alkali present in the surface soil, 

although con- 


sidered small, may possibly approach toxic concentrations where limited 
moisture conditions prevail. The large quantities of soluble salts in the 
subsoil probably exert no direct effect, for plants are seldom able to 
root there below 12 inches on account of the impervious, compact con- 
dition of the soil. That alkali and subsequent leaching have in 
the past contributed to these untoward conditions is probable. The 
work of Sharp, as well as that of Hager, has shown that soils, espe- 
cially heavy clays, once saturated with solutions of soluble salts, or 
inundated with sea water and later washi^d free, are almost invariably 
left in a very poor and impervious physical condition. 


* Percentages figured to dry soil basis. The surface soil contained 6% water 
(air dry), while the subsoil carried an average of 34% water when received at 
the laboratory. 

t The writer did not quantitatively determine the sulfates in these samples. 
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The next factor to receive attention was soil reaction. Peas were 
to be grown and, in the past, a neutral or slightly alkaline reaction has 
been advocated for this crop. The Ignacio soil was found to be ex- 
tremely acid. The hydrogen-ion concentration, as determined on a 
large number of fresh field samples, gave an average exponential value 
of Ph = 4.46. A preliminary experiment to ascertain the approximate 
lime requirement was performed after the method of electrometric 
titration with a standard solution of Ca(OH)j as proposed by Sharp 
and Hoagland.** Considering an acre-six-inches of this soil to weigh 
660 tons (see above), it was found that 4 tons of calcium carbonate 
were immediately required to neutralize the concentration of hydrogen- 
ion present.* An experiment was now set up using 100-gram por- 
tions of the field soil and thoroughly mixing each with different 
amounts of pure CaCOg. Optimum moisture conditions were main- 
tained. Table III shows the lime treatments, together with the Ph 
values as determined from time to time. 


TABLE III 

Lime Bequirememt or Field Soil 


GramB Ph 


Number 

Tons 

CaCOa 

per-Acre 

CaCOa 
per 100 
Grams Soil 

After 

1 week 

A- 

After 

1 month 

After 

5 months 

After 

7 months 

1 

3 

0.45 

6.3 

5.7 

5.5 

5.4 

2 

4 

0.60 

7.0 

6.0 

5.9 

5.9 

3 

5 

0,75 

7.1 

5.3 

6.1 

5.5 

4 

6 

0.90 

7.2 

6.6 

6.6 

6.5 

5 

8 

1.20 

7.4 

7.1 

7.2 

7.1 

6 

10 

1.50 

7.6 

7.2 

7.2 

7.2 


Considering Ph = 7 to indicate a state of neutrality, a glance at 
this table shows that a field application of 7 or 8 tons of lime carbonate 
per acre would be necessary to insure a slightly alkaline soil reaction 
for approximately the growing period of a crop. The fact that larger 
and larger amounts of lime are required upon standing would indicate 
that hydrogen-ions are being progressively and rapidly formed. This 
may be due to a decomposition of organic matter with subsequent 
formation of nitric acid and the less soluble organic acids, to silicate 
degradation, or to the hydrolysis of soluble aluminum compounds. 

* Recent work*. ** has intimated that there may be a relation between 
Ph and lime requirement, whereby the latter may be indirectly and rapidly 
determined, but it appears to the writer, as well as to Knight, that much 
work still remains to be done before any general comparisons are possible. 
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VaridbiUty of the Field 8oU 

It is in no wise the intention of the writer to enter into a detailed 
discussion of the factor of variability as applied to the study of field 
soils. The work herein reported was planned for other purposes. 
Variability studies have been recently attempted by Waynick*^ and 
by Waynick and Sharps* with some measure of success. That seem- 
ingly uniform soils may vary greatly both chemically and biologically 
within very small areas has been well and forcibly brought out by these 
investigators, and, as an excellent opportunity was here presented for 
obtaining further data along this line (where water extracts were 
concerned),. a number of analyses are reported showing, for the field 
soil under discussion, the varying tendencies of the ‘‘total soluble 
solids,’’ the Ca-, K-, NO3-, and the Cl-ions. The location chosen for 
the field plot experiment was the area whence these samples came 
and was in all respects as uniform in texture, color, and appearance 
as one could well find. It was unusually level, being comparatively 
free from slight local elevations or depressions so often present in 
otherwise uniform fields. For miles in all directions but slight visible 
differences could be detected. The locations of samples are shown in 
the accompanying diagram of the field plots. 


Diagram or Field Plots 


1-lOth acre plots l-6th acre plots 

X X 6 X X 

XX XX 

9 

XX XX 

X X 5 X X 

X X 4 X X 

XX XX 

8 

XX XX 

X X 3 X X 

X X 2 X X 

XX XX 

7 

XX XX 

X X 1 X X 


Table IV presents the analytical results secured. Before com- 
puting the results as presented, they were in each case plotted and 
shown to form a proper frequency curve. This justifies the use of 
the statistical method in connection with these data. 

As will be seen, not all of the 48 samples were analyzed in each 
case, but sufficient determinations were made to show prevailing con- 
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ditions. As duplicate extractions of the same sample seldom varied by 
more than 8% to 10% for any of the ions determined (and often by 
much less), and as the coefficient of variability (which is nothing more 
than the standard deviation expressed as its percentage of the mean 
or arithmetical average) varies from 12% in the case of K-ion to over 
44% in the case of NOa-ion, there can be no doubt that apparently 
uniform field soils are likely to vary greatly from place to place in 
water-soluble con^ituents; and it is evident that only averages of 
very large numbers of single determinations or analyses of carefully 
composited samples drawn from a considerable number of separate, 
uniformly distributed stations over areas under examination can 
give dependable results or significant differences. Thus the work of 

TABLE IV 

Variabilitt of the Field Soils as Regards Minerals 


(Parts per milHoQ of dry soil) 


Calcium- 
ion (Ca) 

Potassium- 
ion (K) 

Total Sol. 
Solids 

Nitrate- 
ion (NOi) 

Chloride- 
ion (Cl) 

Sulfate- 
ion (SO 4 ) 

62 

57 

3215 


120 

986 

49 

54 

2540 

265 

111 


51 

44 

2350 

288 

no 

296 

48 

61 

2125 

350 

120 

444 

340* 

44 

3175 

243 

12,5 

574 

55 

44 

2300 

177 

130 

499 

59 

n 

2300 

199 

120 

355 

59 

1975 

133 

130 

383 

278* 

53 

2500 

221 

125 

316 

92 

56 

2000 

203 

125 

358 

440* 

48 

1950 

350 

111 

432 

55 

44 

1475 

. 203 

125 

327 

60 

48 

3075 

221 


381 

55 

55 

2175 

420 


361 

66 

42 

1825 

310 


449 

52 

39 

2675 

265 

95 

35$ 

62 

44 

1800 

221 

95 

419 

59 

46 

2700 

203 


386 

51 

49 

1975 

203 

95 

363 

50 

40 

1525 

111 

93 

367 

70 

49 

1250 

88 

90 

399 

63 

48 

3000 

09 

85 

385 

481* 

42 

1825 

88 

75 

348 

50 

39 


111 


366 

201* 

56 

Mean -2244 ±74 

221 

100 

460 

69 

56 

S.D.-527±52 

133 

90 

424 

60 

55 

C.V. -23.5 ±2.3% 

155 

95 

659 

56 

53 

P.E.-±355 

111 

100 

378 

87 

— 

97 

90 

388 

75 

Mean»49±.67 


97 

85 

658 

69 

8.D.«6±53 


177 

86 

399 

191* 

C:f.V.-12.2±l.l% 


115 

00 

644 

Mean a*61 ±1.5 
S.D.-.10.9±1.1 
av.*18±1.7% 
P.E.»±7.4 

P.E.«.±4.0 


177 

142 . 

97 

115 

350 

155 

155 

111 

Mean -192 ±9.2 
S.D. -86 ±6.4 

C.V. -44.8 ±3.4% 
P.E.-±58.0 

100 

150 

95 

75 

85 

100 

100 

75 

M6an-102±1.9 

S.D,»«17.6±1.3 

C.V.-17.2±1.3% 

P.E.-±11.8 

392 

409 

611 

457 

Mean -^±10.9 
8.D. -95 ±7.7 

C.V. -22.3 ±1.8% 
P.B.«±64.4 

• 


*0mHt6d from mean. 
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Waynick and Sharp <m soil variability* has been confirmed and shown 
to hold for certain water extractable materials as well as for nitrates, 
total nitrogen and organic carbon. 

Results of the Plot Experiments 

A brief history of the management of the area under study follows : 

1913 and 1914: Reclaimed from salt marsh by diking and drain- 
age. 

1915: Planted to grain hay. Good yields (3 to 3 % tons per acre). 

1916 : Planted to peas. Failure. 

1917: About one ton per acre of ‘‘beet-lime” (85% CaCOg) added 
and peas again planted. Failure. 

1918 : Planted again to peas. At first the crop came along nicely, 
but about the middle of March, when the peas were two- 
thirds grown, they suddenly began to die out. Small appli- 
cation of lime apparently had little effect. The crop was 
a failure. After the peas failed the land was immediately 
plowed and beans were planted. A very poor crop resulted — 
about 700 pounds per acre. 

1919 : Sugar beets were grown. A poor crop resulted (between 3 
and 4 tons of small beets per acre). 

1920: A large part of the poor land was again planted to sugar 
beets. 

Much care was exercised in locating the experimental plots and in 
their subsequent oversight and treatment. Neither fertilizers nor soil 
amendments had previously been applied to this area, although small 
applications (1 ton per acre) of lime had been used on adjacent sec- 
tions. About one and one-fifth acres (a piece 125x450 feet) was 
measured off during the month of July, 1919, and after the removal 
of a poor crop of sugar beets, was plowed and disked prior to planting. 
Six one-tenth acre plots, 20x218 feet,t were laid out as were also 
three one-fifth acre plots, 40x218 feet (see diagram above). The 
smaller plots were numbered from one to six, and superphosphate 
(18.1% water-soluble and 20 . 0 % total P 2 O 5 ) at the rate of 1 ton per 

* For a full and detailed account of the statistical method as applied to the 
interpretation of biochemical results the reader is referred to the papers of 
Waynick already cited, to Wood,»®» and to Davenport. 

t The plots were made long and narrow to facilitate working and harvesting 
by standard machinery. Lyonso has also shown that long and narrow plots 
give most dependable results. 
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acre was applied to the odd plots while the even ones received no 
treatment (checks). The center one-fifth acre plot (Number 8) was 
left untreated while Number 7 received finely ground limestone 
(99.6% CaCOg) and Number 9, sugar beet lime (87% CaCOs), both 
at the rate of 10 tons per acre. These applications were slightly in 
excess of the lime requirements for the surface soil (see page 348). 
The phosphate and lime applications were thoroughly disked into the 
surface soil about two weeks before planting. 

The peas (Horseford^s Market Garden Variety) were planted on 
October 26, 1919, in rows 30 inches apart, one inch apart in the rows. 
There were thus 8 rows in the smaller and 16 rows in the larger plots. 

Since an important part of the plot experiment was the observation 
of the varying concentration of the soil solution under both the fer- 
tilized and the untreated peas (as manifested by periodical analyses 
of soil extracts prepared from carefully taken representative soil 
samples), samples, taken as previously described, were drawn and 
analyzed on September 3, after the plots had been prepared but 
before the superphosphate had been applied, and subsequently as the 
data in Table V show. (See also graphs in figs. 3 and 4.) 

TABLE V 

Peeiodio Labobatory Bata on Field Plot Boils 



Conductivity 

Measurements. 

Specific 


Determinations of 

Plant 

Food 

Ions (p. p. m. 

dry soil) 

Dates of 
Sampling 
Soils 

Kesi stance 
in Ohms 

A. 

Oa-Ion 

Mgj^lon 

K-Ion 

NOit-Ion 

PO*. 

Ion 

' 1 2 ' 

1 

2 

1 

— \ 
2 

I 

\ 

2 

1 

2 

^1 

2 

9-3-19 

3000 

3000 

61 

61 

45 

45 

49 

49 

350 

150 

5.2 

5.2 

11-3-19 

2560 

1382 

75 

153 

46 

136 

45 

99 

133 

177 

5.2 

19.5 

1-20-20 

2430 

1497 

54 

134 

42 

109 

51 

83 

155 

177 

4.6 

8.7 

2-21-20 

2970 

1855 

50 

160 

34 

106 

47 

83 

133 

133 

1.5 

4.5 

3-27-20 

2495 

1792 

56 

167 

52 

113 

54 

83 

49 

35 

2.3 

3.7 

4-26-20 

3965 

2162 

26 

96 

20 

74 

32 

58 

0 

5 

2.0 

3.0 

5-24-20 

3258 

1895 

46. 

150 

37 

93 

36 

54 

10 

5 

2.3 

2.8 


In all cases No. 1 = check plots and No. 2 = phosphate-treated plots. 


As the rainfall during the year 1919-1920 was below the normal 
average for Marin Meadows Ranch,* and as the growth of the peas 


* The annual rainfall data for the past seren years, September 1 to Septem- 
ber 1, follows: 


1913- 1914 35.79 inches 

1914- 1915 32.99 inches 

1915- 1916 27.31 inches 

1916- 1917 14.19 inches 

-1917-1918 : 9.20 inches 

1918- 1919 17.99 inches 

1919- 1920 11,39 inches 
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was SO largely dependent upon this factor, it was not thought always 
desirable to draw soil samples at exactly four-week intervals. The 
following brief summary shows the sampling dates and correlates with 
these the condition of the peas at those times. 

September 3, 1919: First samples drawn. Plots staked out but no fertilizers 
yet applied. 

November 3, 1919: First sampling since planting. As less than 0.3 of an 
inch of rain had fallen since planting, but few of the seeds had sprouted. 

January 20, 1920: The peas were 2 to 3 Inches high and a good stand had 
been secured. Over 4 inches of rain had fallen since last sampling, but 
the nights were cold (often below freezing), and the days were usually 
cloudy and cold. 

February 21, 1920: Less than one inch of rain had fallen since January 
20. The soil was very dry (moisture determinations showed but 27% in 
the surface soil and 42% in the subsoil). The plants had grown but an 
inch or two during the month and were often more or less wilted during 
the middle of the day. The nights were cold. Poor conditions for growth. 
There was no difference between the checks and the phosphate-treated plots. 

March 27, 1920: The plants were looking well. About 3 inches of rain 
had fallen since last sampling. The vines on the check plots were 6 to 
8 inches high while those on the phosphate-treated plots were 10 to 12 inches 
high. The lime-treated plots showed no improvement over the checks. 

April 26, 1920: The plants were looking fairly well, although little rain 
had been recorded during the month past. The vines were covered with 
blossoms and filling pods. There was a noticeable difference in favor of 
phosphate-treated plots although the lime-treated plots showed no gain. 

May 24, 1920: Peas about ready to cut. Vines turning yellow; pods well 
filled and dry. The soil had dried out and was very parched and hard. 
This was the last date of sampling. 

The plots were harvested June 3. The yields obtained are shown 
in Table VI. 


TABLE VI 
Plot Yields 


Gross Weights, 

Dry Peas and 

Vines 

Net Weights, 
Dry Peas 

lbs. 

lbs. per 
acre 

lbs. 

lbs. per 
acre 

Average 3rield per acre plot (checks) 627 

Average yield per Yiq acre plot (superplios- 

6,270 

153 

1,530 

phate) 820 

8,200 

200 

2,000 

Average yield per % acre plot (cheeks) 1,010 

Average yield per % acre plot (sugar beet 

5,050 

340 

1,700 

lime) 1,090 

Average yield per % acre plot (ground 

5,450 

340 

1,700 

limestone) - 1,090 

5,450 

330 

1,650 


It will be seen that liming to neutrality had no effect upon yields. 
This is in accordance with former field observations on this soil.. A 
more extended discussion of the effects of the application of lime 
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Will be given later in connection with results secured in the green- 
house where moisture conditions were optimum and where a more 
careful chemical control was possible. The superphosphate treatment 
increased the yield of peas by approximately 25 per cent. This 
increase about paid for the treatment, and a future residual effect 
may be expected. Possibly a larger amount of superphosphate would 
have given higher yields, for much was lost due to reversion (see 
below). 



Fig. 3. — Water-soluble materials dissolved from unfertilized plot soils carrying 
pea crop. 


As has been mentioned, the rainfall was subnormal throughout the 
entire growing period. That the low yields secured on both treated 
and untreated plots were attributable in large part to a lack of water 
will be shown by the following test. Pour approximately 50-foot rows 
(two in a phosphate plot and two in a cheek plot) were chosen at 
random and regularly irrigated* for a period of several weeks 
during the months of February and March. Bapid growth and great 
improvement over those plants not so treated was observed. As heavy 
rains fell during the latter part of March, irrigating was discontinued. 
The beneficial results of these few applications of water during the 
early stages of growth were, however, noticeable up to the time of 
harvesting. 


* Water hauled in a tank wagon. 
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The curves presented in figures 3 and 4 show graphically the rise 
and fall in concentration of the soil solution under the growing crop. In 
studying these graphs it should be remembered that the superphosphate 
was applied between September 3 and November 3 (see figure 4), and 
that the plants were absorbing nutrients most vigoroudy during the 
months of March and April. We note first that much greater con- 
centrations of salts prevail throughout the entire period within the 
soils of the fertilized plots. This is clearly depicted by the solid line 
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Dates sampled. 


Fig. 4. — Water-soluble materials dissolved from phosphate -treated plot soils 
carrying pea crop. 


representing one-tenth of the specific resistance in ohms. That this 
increased concentration is due in large part not to the superphosphate, 
but to the increased solubility of other ions caused by it within the 
soil itself, is strikingly shown by the Mg and K graphs. This doubt- 
less accounts largely for the greater yields obtained on the phosphate 
plots, for where water is limited, Morgan®’^ has shown that transpira- 
tion is necessarily less, and that the enhancing effect of fertilizers is 
relatively greatly increased. He states, ‘‘All fertilizers, both mineral 
and nitrogenous, have greatly decreased in their relative efficiency fol- 
lowing an increase in soil moisture. The decrease is consistent.^’ It 
is further a well established physiological fact that water is greatly 
economized by increasing the plant’s supply of mineral salts (see 
Russel, pages 29, 30). 
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Taking up the ions separately, we note that phosphate applications 
have but slightly affected nitrate formation. This is doubtless due 
to excessive soil acidity which dominates nitrification within this soil. 

The yields show that soluble nitrogen is here more than adequate 
for peas. The amounts of potassium and magnesium, soluble in water, 
in this heavy clay soil, have been almost doubled throughout the 
entire growing period by the initial acid-phosphate application. That 
the gypsum present in the superphosphate is largely responsible for 
this increase is shown by results secured in the more carefully con- 
trolled greenhouse experiment (see McCool and Millar** in this con- 
nection). As would be expected, both water-soluble calcium and 
phosphorus have been somewhat increased in the soils of those plots 
receiving the soluble phosphate treatments. 

Chlorides and sulfates were periodically determined. As these ions 
were always present in great excess, however, they have not been 
included in Table V nor in the graphs, but have been more properly 
figured as the sodium salts (white alkali), and appear in Table VII, 
An idea has prevailed in the past that occasional increases in the 
amount of alkali present may have been responsible for crop failures. 

TABLE VII 


Periodioal Determination of White Alkali in Plot Soils 


Date 

% NaOl 

% NaaSO* 

September 3, 1919 

0.018 

0.066 

November 3, 1919 

025 


January 20, 1920 

023 

.066 

February 21, 1920 

017 

.067 

March 27, 1920 

032 

.060 

April 26, 1920 

017 

.050 

May 24, 1920 

020 

MOO 


While the percentages of alkali here noted are doubtless innocuous 
if optimum moisture conditions exist, it is conceivable, as before stated, 
that at times of unusual drought, plants may suffer in the more con- 
centrated soil solution that results, and, while a lack of water is 
directly responsible for this condition, alkali salts may well be con- 
sidered an important indirect or contributing factor. 

Other toxic compounds, as ferrous iron* or soluble aluminum salts, 
here appealed to the writer as being possible causes of infertility. 
We were, however, unable to secure a positive test for ferrous iron 
in the surface soil. Special samples were taken for these tests, every 

* Certain heavy soils of the Transvaal have been shown by Watt*® to have been 
rendered unproductive by accumulations of ferrous salts. 
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precaution being used to avoid oxidation in transit. On the other 
hand^ water*soluble aluminum was usually found. Large numbers 
of determinations showed it to be present to the extent of 12 to 15 parts 
per millon in the surface soil, while approximately twice these amounts 
were found in the subsoil. 

The considerable literature upon the subject of aluminum toxicity 
has been notably extended during the past two or three years by the 
careful work of Hartwell and Pember/^» Conner,*^ Ames and Schol- 
lenberger,® and Miyake.®® The first-mentioned investigators have 
definitely shown that soluble aluminum compounds exist in toxic con- 
centrations in certain acid soils; that plants differ in their powers of 
resistance to soluble aluminum ; and that such conditions may be readily 
ameliorated by applications of any substance which will precipitate 
aluminum-ion. From data furnished by Hartwell and Pember^® (page 
266), it is possible to calculate the concentration of soluble aluminum 
present in the acid soils upon which they exi>erimented. This was 
found to be approximately 77. parts of AI 2 O 3 or 41 parts of soluble 
aluminum per one million parts of dry soil. They extracted using 
slightly different proportions (about 1 to 3) of soil and water than 
did the writer, but the results should be fairly comparable. They 
furthermore found that at least 15 p. p. m. of aluminum in solution 
cultures with growing plants were required to produce signs of tox- 
icity. In the light of these results, it would appear somewhat doubt- 
ful whether the relatively small quantities (12 to 15 p. p. m. of 
aluminum) found in the soil of the Marin Meadows Banch could be 
entirely responsible for the seriously depleted yields. The other 
authors cited in this connection have shown that amounts of aluminum 
greatly in excess of 15 p. p. m. of soil are necessary to render con- 
ditions toxic for crop plants in soils; and, finally, the plants in our 
own untreated pots, in which this soil was used without drainage, gave 
no indications of aluminum-poisoning. 

To sum up briefly the points brought out by the field plot experi- 
ment, we may conclude with reasonable certainty that, during the past 
season at least, water has been the limiting factor in crop production ; 
that a one-ton application of superphosphate in absence of irrigation 
has increased# the yield of peas by approximately 25 per cent; that 
liming to neutrality had practically no effect upon yield, due possibly 
to delayed reaction on account of paucity of rainfall; and, finally, that 
inorganic toxins, as alkali, ferrous iron, and aluminum salts, are 
probably at present not directly responsible for lack of productivity. 
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THE GREENHOUSE EXPERIMENTS 

While field trials are generally considered as being the most reliable 
method of solving fertility problems, they are expensive and cumber- 
some, and, as has already been shown, should be executed over a period 
of years to allow for a fair average of climatic conditions. The quicker, 
less expensive, and more controllable pot experiment, as carried out 
in a well equipped greenhouse, is therefore often desirable. Coffey 
and Tuttle,^ Wheeler, Brown and Hogensen,*® and others have 
compared pot tests with field trials and have shown them to agree 
remarkably well where certain details of manipulation are followed. 
Furthermore, the ofttimes limiting factors of moisture and tempera- 
ture may be so controlled in greenhouse work as to permit of more 
definite conclusions regarding possible plant food deficiencies. In the 
present work, this method of experimentation was especially adaptable, 
as frequent periodical soil-sampling was required. 

The proper kind and quantity of fertilizer to apply depend as much 
upon tlie total effect produced within the soil solution as they do upon 
the element or elements directly supplied, for many of the changes 
induced may be indirect. For instance, sodium nitrate, so widely used 
as a source of available nitrogen, may so deflocculate a heavy soil as to 
render it non-productive. Much information is at present available 
in agricultural literature on the effects of additions of fertilizer salts 
and other chemical compounds upon the solubility of soil constituents. 
While a large portion of these data have been secured by subjecting the 
soils studied to artificial laboratory conditions, far removed from those 
actually obtaining in the field, nevertheless many of them have a 
sufiBcient bearing upon the present work to necessitate reviewing. 
More than seventy articles were read in this connection. However, as 
comprehensive references to the literature accompany the papers of 
Greaves and Carter,^® Spurway, and Macintire,®' it was thought best 
not to burden the reader with an extended review, very little of which 
could be directly compared with data to be subsequently presented, 
but rather to give a brief discussion of the work as a whole, noting 
the points in agreement as well as those at variance with the results 
hereafter given. ^ 

The chief impression made upon the reviewer of the literature 
within this field is the dissimilarity and often contradictory nature of 
results reported. For instance, certain writers have shown that addi- 
tions of sodium nitrate to soils greatly enhance phosphate availability, 
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while a like number may eaaily be found who claim that sodium nitrate 
inhibits 'the solution of phosphates in soils. Similar differences of 
opinion exist regarding the effects of lime and gypsum upon the 
solubility of soil potash. An able discussion of such discrepancies, 
at least in so far as the effects of calcium carbonate and gypsum upon 
soil potassium are concerned, is given by Lipman and Ctericke,** These 
writers attribute unlike and contradictory results to variations in the 
nature of the mineral content of the soils from different localities. 
The linkages binding potassium within the intricate silicate molecules 
doubtless vary greatly with different mineral complexes, the potassium 
being much more ea*(ily replaced by calcium, sodium, or other metallic 
ions in some instances than in others. As this might equally well 
apply to all the elements ordinarily met with in soils, one could hardly 
expect similar results to be obtained in all cases and for all elements. 
In fact, Lipman and Gericke,** Spurway,‘® Christie and Martin,* and 
many others give data which conclusively show that applications of 
the same salts in similar amounts react differently in different soils. 
Another factor which doubtless also plays a part is soil texture. The 
fine clays and clay loams presenting many times the internal surface 
found in the coarser silts and sands, should, and usually do, yield more 
material to solution. This is probably largely a mechanical factor. 
Taking the recorded data on this subject by and large, the following 
statements seem to be justified in a majority of cases. The normal 
sulfates and chlorides of calcium, magnesium, sodium, and ammonium, 
may enhance the solubility of soil potassium and soil phosphorus, 
although the acid salts act much more strongly, especially in the case of 
the latter element. Nitrates act erratically, but we are fairly safe 
in saying that they usually slightly increase soil potash solubility, 
and exert little effect on soil phosphorus, although we know that the 
calcium phosphates are much more soluble in solutions of nitrates than 
are the iron and aluminum phosphates. The addition of calcium oxide 
usually increases potash solubility while the carbonate often has no 
direct effect. Phosphate solubility is usually depressed by lime appli- 
cations, although this is not universally the case with quicklime, while 
the sulfates of the heavy metals often greatly increase it. Many 
writers have also shown that, under certain conditions, the soil bae-. 
teria, especially the nitrifiers, exert a decided solvent action upon the 
insoluble phosphates of both soils and fertilizers. 
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Ohjeeta of the Pot Experiments 

The objects of the pot experiments hereafter reported were: (1) 
so far as possible to eliminate climate, especially moisture, as a factor 
in crop production upon tiie soil studied, and to maintain throughout 
the growth period as nearly optimum conditions as possible; (2) to 
note the effects upon the growth of the pea plants, and upon the final 
yields of dried peas, of additions of the several fertilizers and soil 
amendments supplied; (3) to find whether or not such applications of 
chemical compounds infiuence the solubilities of the soil’s constituents 
as manifested by periodical extractions of both planted and fallowed 
soils with distilled water; (4) to ascertain the effect of soluble salt 
applications upon the nodule formation of peas within this acid soil ; 
(5) to ascertain whether or not soil toxins of any kind were inhibiting 
normal growth. 



Dates sampled. 


Pig. 5. — Water-soluble materials dissolved from cropped check pot soils (no 
fertilization). 
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Treatmewts EmployeA 

The experiments were carried out in a well regulated greenhouse. 
The pots used were 5>gallon glazed earthenware crocks about 12 inches 
in diameter and 11 inches deep. No boles were provided for drainage 
as it was desired that no soluble constituents be lost during the growth 
of the crops. The pots were weighed, and water added to optimum at 
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Dates sampled. 

Fig. 6. — Water-soluble materials dissolved from cropped gypsum-treated pot 
soils. 


each irrigation. The soil was procured during the month of August 
from the field plots above described, 6 two-bushel sacks of surface soil 
being taken from each of the 6 one-tenth acre plots. It was air-dry 
and dusty to a depth of approximately 6 inches. When received at 
the greenhouse, it was thoroughly mixed by being shoveled over five 
times and twice screened (one-fourth inch mesh) to remove the larger 
clods. Thirteen kilograms were then weighed into each of 64 pots, 
thus providing eight pots for each of the eight different treatments to 
be tested. The additions were made as follows: 



Parts per million of soil. 


862 Vmoersiiy of Colifomia Fithlications in> Agrioultural Soienoes [VoL 4 
Pots 1- 8: Cheeks. No additions. 

Pots 9~16: Gypsum at the rate of 1 T. per acre (20 g. per pot). 

Pots 17-24: OaCO, at the rate of 8 T. phr acre (160 g. per pot). 

Pots 25-32: Superphosphate at the rate of 1 T. per acre (20 g. per pot). 
Pots 33-40: NaNO» at the rate of 500 ibs. per acre (5 g* per pot). 

Pots 41-48: K«S 04 at the rate of 500 lbs. per acre (5 g. per pot). 

Pots 49-56: Super. (1 T. per a.) and KaS 04 (500 lbs. per a.)* 

Pots 57-64: Super. (1 T. per ai.) and OaCXla (8 T. per a.). 


As will be observed, the applications here made were in all cases 
consistent with good field practice. The amounts of salts (dry) as 
indicated were thoroughly mixed into the surface six inches of soil 



Dates sampled. 

Fig. 7. — Water-soluble materials dissolved from cropped calcium-carbonate- 
treated pot soils. 
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in each pot, after which the soils were settled into place by an irrigation 
calculated to be optimum (one-half total moisture holding capacity). 
The pots were then allowed to stand for one week before planting. The 
salts applied were Bakers C. P. Analyzed Chemicals” in all cases 
except the superphosphate, which was the same as that used in the 
field plot experiments. At the same time, a set of six pots of the soil, 
which were to be kept fallow (no crop) were set up. The first six, 
single-salt treatments only were here employed. These fallowed pots 
were subsequently treated in exactly the same way as the cropped pots. 

The peas (Horseford’s Market Garden variety) were sown on 
November 10, 1919 ; eight uniform seeds to the pot. A good stand was 
obtained. When the plants were about three inches high, they were 
thinned to four per pot. When 6 to 8 inches high, the peas were 
trellised, using split laths and string. The floor plan of the green- 
house indicating the arrangement of the benches and the pots is shown 
in figure 2. As the plants grew taller and shading was evident at 
certain periods during the day, the practice of changing the pots from 
one bench to the other each week at the time of irrigation was adopted. 

As one of the objects of the work was to ascertain the effects of the 
several salt applications upon soil-mineral solubility, at approximately 
four-week intervals samples of the cropped soils were withdrawn from 
the pots and analyses made in accordance with the detailed methods 
previously given. The results of this work appear in Table VIII and, 
for convenience, are graphically shown in figures 5 to 19. It had been 
planned also to extract and analyze the similarly treated fallowed 
soils each month, but, as the two series will be shown to be hardly com- 
parable, and as time for this large amount of analytical work was 
wanting, the uncropped soils were analyzed but four times during the 
experiment (during October, November, January, and April). The 
results of these analyses appear in Table IX. 

After thinning, and when the plants had reached a height of 6 or 7 
inches, some trouble was experienced with mice. In eight or ten of the 
pots, one or two of the plants were destroyed. This difficulty was 
quickly overcome, but not before some damage had been done. For 
this reason, in Table X, only six pots (out of the eight of each treat- 
ment) giving the highest yields per pot, and having four plants each, 
have been used in computing statistically the final yields obtained, 
although the yields in all of the pots are given.* 

^As stated in the table, a Btar (*) marks those figures omitted from the 
averages. The data, when plotted, gave uniform frequency curves. 
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TABLE vm 

PBEXO0XO DBTBBHmATOOKS OK OROPPXD, POV SoILS 


Patoi of Bampling SoUt 
Treatment /»"* .,a 


« A eniiutouv 

Kumber 

' 10 - 15-19 

11 - 20-19 

12 - 18-19 

1 - 19-20 

2 - 20-20 

8 - 20 - 2 ^ 



Acidity expressed in 



1 

4.46 

4.51 

4.50 

4.48 

4.46 

4.71 

2 

4.46 

4.55 

4.58 

4.50 

4.51 

4.73 

3 

4.46 

7.20 

7.20 

7.39 

7.34 

7.25 

4 

4.46 

4.67 

4.62 

4.62 

4.60 

4.71 

5 

4.46 

4.67 

4.72 

4.53 

4.63 

4.88 

6 

4.46 

4.67 

4.68 

4.67 

4.67 

4.88 

7 

4.46 

4.63 

4.63 

4.63 

4.65 

4.80 

8 

4.46 

7.30 

7.33 

7.46 

7.42 

7.33 



Specific Besistance in Ohms 



1 

3,000 

2,381 

2,515 

2,752 

3,063 

2,726 

2 

3,000 

1,498 

1,568 

1,517 

1,728 

1,402 

3 

3,000 

1,420 

1,331 

1^325 

1,367 

1,261 

4 

3,000 

1,280 

1,568 

1,856 

2,022 

1,587 

5 

3,000 

2,112 

2,029 

2,131 

2,374 

2,302 

6 

3,000 

2,131 

2,054 

2,400 

2,509 

2,118 

7 

3,000 

1,286 

1,472 

1,523 

1,702 

1,382 

8 

3,000 

1,171 

1,133 

998 

1,088 

1,018 



Calcium -ion, parts per million 



1 

60 

49 

35 

34 

41 

25 

2 

60 

269 

262 

150 

133 

169 

3 

60 

279 

319 

309 

295 

350 

4 

60 

131 

136 

104 

88 

128 

5 

60 

59 

59 

50 

43 

48 

6 

60 

169 

71 

55 

52 

56 

7 

60 

160 

150 

121 

102 

169 

8 

60 

387 

430 

428 

434 

500 



Magnesium-ion, parts per million 



1 

45 

46 

40 

37 

30 

29 

2 

45 

105 

109 

120 

107 

125 

• 3 

45 

110 

121 

117 

116 

130 

4 

45 

110 

106 

79 

78 

102 

5 

45 

55 

53. 

48 

46 

38 

6 

45 

' 70 

67 

56 

48 

65 

7 

45 

133 

125 

98 

86 

127 

8 

45 

145 

147 

144 

150 

154 



Potassium-ion, parts per million 



1 

50 

58 

54 

50 

39 

35 

2 

50 

75 

84 

80 

75 

60 

3 

50 

' 69 

64 

66 

60 

63 

4 

50 

87 

81 

68 

51 

61 

5 

50 

65 

66 

58 

41 

37 

6 

50 

88 

86 

75 

58 

63 

7 

50 

117 

117 . 

97 

70 

* 92 

8 

50 

75 

69 

74 

56 

65 



Parts per million of soil. 


1922] Svrge$$: SHjShkM m Umsh 80U Unprodfwtive /or Feas 865 

TABLE \mr^(C(mtinued) 


Bates of Sampling Boils 


Treatment 

Number 

i0-l6-19 

11-20-19 12-18-19 1-19-20 

Phosphatedon, parts per million 

8-20-20 

8-20-20 

1 

5.2 

3.7 

4.5 

2.3 

3.5 

2.1 

2 

5.2 

6.2 

5.6 

4.0 

4.0 

3.4 

3 

5.2 

6.2 

4.7 

4.5 

4.1 

5.4 

4 

5.2 

8.5 

6.8 

8.4 

7.2 

4.1 

5 

5.2 

5.6 

5.9 

4.1 

4.3 

2.3 

6 

5.2 

5.6 

5.6 

4.7 

4.5 

2.0 

7 

5.2 

7.4 

7.0 

7.4 

6.9 

3.2 

8 

5.2 

7.6 

Nitrate-ion, 

6.7 7.8 

parts per million 

7.0 

5.6 

1 

150 

89 

267 

204 

35 

5 

2 . 

150 

80 

239 

213 

44 

0 

3 

150 

338 

621 

532 

266 

84 

4 

150 

156 

221 

177 

27 

0 

5 

150 

488 

488 

400 

177 

30 

6 

150 

178 

266 

177 

44 

5 

7 

150 

156 

266 

‘ 177 

40 

7 

8 

150 

196 

485 

443 

266 

156 



Dates sampled. 


Fig. 8. — Water-soluble materials dissolved from cropped superphosphate-treated 
pot BoUs. 
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TABLE IX 

PSBIODIC DM^MINAVIOK'S ON FaLLOWB3>, PoT SOILS* 


DMe« of Ssmplinf Soils 
Treatment ^ ' ■ a „ 


Number 

10-16-19 11-20-19 

1-25-20 

4-1-20 



Acidity expressed in Pj. 


1 

4.46 

4.50 

4.43 

4.32 

2 

4.46 

4.55 

4.50 

4.38 

3 

4.46 

7.20 

7.17 

7.17 

4 

4.46 

4.67 

4.46 

4.46 

5 

4.46 

4.67 

4.45 

4.43 

6 

4.46 

4.67 

4.40 

4.38 



SpeciAc Besistance in Ohms 


1 

3,000 

2,380 

lost 

2,048 

2 

3,000 

1,498 

lost 

1,338 

3 

3,000 

1,420 

lost 

1,011 

4 

3,000 

1,280 

lost 

2,180 

5 

3,000 

2,112 

lost 

1,587 

6 

3,000 

2,131 

lost 

1,754 



Calcium-ion, parts per million 


1 

60 

49 

72 

81 

2 

60 

269 

250 

209 

3 

60 

279 

514 

512 

4 

60 

131 

112 

99 

5 

60 

59 

104 

100 

6 

60 

169 

128 

104 


Magnesiuni'ion, parts per 

million 


1 

45 

46 

67 

80 

2 

45 

105 

147 

161 

3 

45 

110 

144 

157 

4 

45 

no 

105 

105 

5 

45 

55 

86 

96 

6 

45 

70 

67 

98 


Potassium-ion, parts per million 


1 

50 

58 

58 

59 

2 

50 

75 

86 

84 

3 

50 

69 

65 

59 

4 

50 

87 

81 

73 

5 

50 

65 

68 

72 

6 

50 

88 

86 

96 


Phosphate-ion, parts per million 


1 

5.2 

3.7 

3.7 

2.3 

2 

5.2 

6.2 

4.1 

2.4 

3 

5.2 

6.2 

4.5 

4.3 

4 

5.2 

8.5 

8.4 

8.8 

5 

5.2 

5.6 

5.6 

4.1 

6 

5.2 

5.6 

4.7 

2.3 


Nitrate-ion, parts per million 


1 

150 

89 

400 

575 

2 

150 

80 

756 

708 

3 

150 

338 

1,264 

1,106 

4 

150 

156 

550 

496 

5 

150 

488 

421 

940 

6 

150 

178 

355 

575 


[VoL4 
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Crop Yields 

The effects of the several soil treatments upon crop yields will first 
be considered. Table X presents this data while a chart showing 
graphically the comparative yields of both total dry matter and 
cured peas appears in figure 20. The ‘‘plus or minus variability 
factors as shown in figure 20 are obtained by multiplying the “prob- 
able error of the mean” in each case (Table X) by three, thus insuring 
practically a thirty to one chance that, in case of repetition, the new 
average yields found will fall within these limits. Those figures also 
help us in determining approximately* whether or not significant 
differences in yields are shown between treatments.! 

The most notable fact impressed upon one who has carefully fol- 
lowed both the field and the greenhouse experiments is that the plants 
grown in the greenhouse under nearly ideal climatic conditions grew 
to at least twice the size and probably, plant for plant, produced nearly 
twice as many peas as those grown in the field at the Marin Meadows 
Ranch. Although the crop on the field plots was above the average, 
the individual plants were small in comparison with any (checks in- 
cluded) grown inside. That water has been one of the important limit- 
ing factors in the field during the past season can hardly be ques- 
tioned. 

The second point to be noticed is the comparatively small increase 
over the check pots due to any of the fertilizer applications. One would 
certainly expect a soil so low in soluble phosphorous or so acid in 
reaction to respond greatly to applications of either soluble phosphates 
or lime, and certainly where both were used. But no such large increases 
are apparent. It is true that enhanced yields follow the application of 

^ The citaei method of determining whether or not a difference is significant 
is to take the square root of the sum of the squares of the two probable errors 
of the two means, multiply the resulting figure by 3 and note whether or not 
the product is larger or smaller than the subtracted difference between the two 
means. In case it is smaller, it is safe to conclude that the difference between 
the two means is significant, taking a 30 to 1 chance of securing a similar result 
upon repetition. For example, let us compare the average yield of total dry 
matter secured in the check pots with that where gypsum was applied, and 
find whether or not gypsum actually increased yields: 

59.5 ± 0.9 = mean of gypsum pots. 

51.4 ± 1,3 = mean of check pots. 

8.1 ±. V 0.9* X 3 
= 8.1 '± V 2.50 X 3 
= 8.1 4.6 

As 4.6 is much less than 8.1, we are safe in concluding that there is a significant 
difference shown here between the means, and that the application of gypsum did 
actually slightly increase yields. 

t The scale to the left of fig. 20 should be used in this connection. 
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TABLE X 

YiMiDS OF Peas in Obsenhouse Pov Expeeiment 



, Treatment No. 

1 (Checks) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

1 

53.6 

37.1 

29.7 

2 

45.1* 

28.4* 

21.1* 

B 

58.6 

37.7 

30.9 

4 

53.6 

34.9 

28.9 

5 

50.7* 

38.6* 

31.5* 

6 

51.0 

34.5 

28.0 

7 

44.2 

33.9 

26.1 

8 

47.2 

34.1 

28.0 

Mean 

51.4±1.3 

35.4±0.4 

28.6±0,4 

Std. Dev 

4.7±1.4 

1.5±0.4 

1.5±0.4 

C. V. 

9.2±1.8% 

4.2±0.8% 

6.2±1.0% 

P. E. 

±3.2 

±1.0 

±1.0 


Treatment No. 2 (Gypsum) 


Pot Number 

Total Dry Weights 

Peas iir Pods 

Shelled Peas 

9 

53.7* 

34.3* 

25.5* 

10 

55.8 

37.3 

29.5 

11 

64.3 

37.6 

29.8 

12 

62.9 

35.6 

28.4 

13 

59.0 

33.0 

29.8 

14 

58.1 

36.7 

29.7 

15 

56.6 

33.9 

26.9 

16 

56.9* 

34.0* 

26.4* 

Mean 

69.5±0.9 

35.7±0.4 

29.0±0.3 

Std. Dev, 

3,1±0.9 

1.7±0.5 

1.0±0.3 

C. V. 

5.2±1.0% 

4.8±0.9% 

3.4±0.7% 

P. E. 

±2,1 

±1.1 

±0.7 


Treatment No. 3 (Calcium carbonate) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

17 

68.7* 

38.6* 

30.6* 

18 

70.5 

42.9 

34.6 

19 

70.6 

41.2 

33.6 

20 

70.2 

42.8 

36.5 

21 

67.0 

40.9 

33.3 

22 

65.0 

37.2 

31.6 

. 23 

^ 69.1 

44.2 

36.6 

24 

61.3* 

36.5* 

29.2* 

Mean 

‘ 68.7±0.6 

41.6±0.6 

34.4±0.6 

Std. Dev. 

2.1±0.6 

2.2±0.6 

1.8±0.6 

C. V, 

3.1±0.6% 

5.3±1.0% 

5.2 ±1.0% 

P. E. 

±1.4 

±1.5 

±1.2 


Treatment No. 4 (Superphosphate of lime) 

Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

25 

58.5 

35.8 

29.7 

26 

60.4 

36.4 

29.7 

27 

56.3* 

34.2* 

27.4* . 

28 

68.5 

40.8 

32.6 


Omitted from average. 
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TABLE X — {Continued) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

20 

61.8 

36.5 

29.9 

30 

68.6 

40.0 

32.0 

31 

60.1 

37.8 

30.5 

32 

60.4* 

33.4* 

27.8* 

Mean 

64.5*1.2 

38.0*0.5 

30.7*0.3 

Std. Dev. 

4.4*1.3 

1.9*0.5 

1.1*0.3 

C. V. 

6.8*1.3% 

5.0*0.9% 

3.6 ±0.6% 

P. E. 

*3.0 

*1.3 

*0.7 


Treatment No. 5 

(Sodium nitrate) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

33 

59.2 

36.0 

28.7 

34 

59.9* 

32.1* 

24.3* 

35 

60.1 

36.9 

30.0 

36 

55.9 

33.0 

26.5 

37 

60.5 

35.2 

29.1 

38 

54.7 

33.4 

27.0 

39 

53.1* 

29.0* 

23.2* 

40 

55.0 

30.2 

25.0 

Mean 

57.6*0.7 

34.1*0.6 

27.7*0.5 

Std. Dev. 

2.4*0.7 

2 . 2 * 0.6 

1.7*0.5 

C. V. 

4.2*0.8% 

6.4*1.2% 

6 . 1 ± 1 . 1 % 

P. E. 

* 1.6 

*1.5 

* 1.2 


Treatment No. 6 (Potassium sulfate) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

41 

52.8 

33.1 

26.7 

42 

54.8 

31.4 

24.8 

43 

50.0* 

• 29.4* 

23.6* 

44 

50.6 

33.0 

26.2 

45 

56.6 

34.4 

27.7 

46 

52.3 

31.8 

25.9 

47 

58.6 

35.6 

30.6 

48 

54.8* 

29.6* 

24.5* 

Mean 

54.3*0.7 

33.2*0.4 

27.0*0.5 

Std. Dev. 

2.7*0.8 

1.4*0.4 

1.8*0.5 

C. V. 

6,0*0.9% 

4.2*0.8% 

6 . 6 * 1 . 2 % 

P. E. 

* 1.8 

*0.9 

± 1.2 


Treatment No. 7 (Super, plus KSSO 4 ) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

49 

49.7* 

28.3* 

23.0* 

50 

47.8 

30.1 

25.5 

51 

47.4* 

23.3* 

18.6* 

52 

53.5 

31.3 

25.2 

53 

57.0 

33.1 

29.1 

54 

51.6 

31.2 

26.2 

55 

56.7 

33.2 

27.4 

56 

57.4 

34.8 

29.1 

Mean 

54.0*1.0 

32.3*0.4 

27.1*0.4 

Std. Dev, 

3.5*1.0 

1.6*0.5 

1.6*0.5 

0. V. 

6.5*1.2% 

4.9*1.0% 

5.9*1.2% 

P. E. 

*2.4 

* 1.1 

* 1,1 


860 


' Omitted from average. 
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TABLE X — {Contimed) 

Treatment No. 8 (Super, plus CaOOs) 


Pot Number 

Total Dry Weights 

Peas in Pods 

Shelled Peas 

57 

64.7 

41.0 

34.3 

58 

54.5* 

33.0* 

27.9* 

59 

62.8 

38.0 

32.4 

60 

55.9 

35.2 

30.4 

61 

54.9* 

33.0* 

28.2* 

62 

64.6 

42.7 

35.7 

63 

60.6 

39.1 

33.2 

64 

71.9 

48.2 

41.1 

Mean 

63.4±1.3 

40.7±1.1 

34.5±0.9 

Std. Dev, 

4.8Htl.4 

4.1 ±1.2 

3.3±1.0 

C. V. 

7.5±1.49^c 

10.1±1.8% 

9.6±1.8% 

P. E. 

±3.2 

±2.8 

±2.12 



Pig. 9. — ^Water-soluble materials dissolved from cropped sodium-nitrate-treated 
pot soils. 


Omitted from average. 
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certain of these compounds, but they amount to relatively little. Let 
us observe the chart showing cmnparative yields (fig. 20), first taking 
up ‘‘Total Dry Weights’’ produced. Treatment No. 1 (checks) pro- 
duced lower yields than did any of the others, yet brief computations 
show that the differences between the checks and treatments 6 (K2SO4) 
and 7 (K2SO4 + superphosphate) are not significant, while the real 
difference between the checks and 5 (NaNOg) is so slight (less than 2 



Dates sampled. 


Fig. 10. — Water-soluble materials dissolved from cropped potassium-sulfate- 
treated pot soils. 


grams) as to be well-nigh negligible. We are, however, justified in 
stating that liming to neutrality did actually increase the yields of 
peas in the greenhouse over the checks by nearly 35 % ; that applica- 
tions of superphosphate, at the rate of one ton per acre, gave an 
increase of approximately 28 % ; that the same amounts of super- 
phosphate and CaCOa when used together increased yields no more 
than did either when added separately ; and that gypsum at the rate 
of one ton per acre was about one-half as effective as CaCOs when the 
latter was used in sufficient quantities to neutralize soil acidity (8 tons 
per acre). It will be recalled that, in the field, superphosphate alone 
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gave increased yields, while calcium carbonate, added to neutrality, 
had little eflfect. The comparative solubilities of the two, water being 
limited in the field, may well account for these differences. The final 
yields of dry matter obtained, however, do not show the comparative 
rates of growth nor do they reflect the conditions of the plants at the 
various monthly periods of sampling. During the entire experiment 



Dates sampled. 


Fig. 11, — Water-soluble materials dissolved from cropi)ed pot soils receiving 
both superphosphate and potassium sulfate. 


the phosphate treated plants were apparently far ahead of all others 
in size, color, and general condition. They bloomed and set pods 
at least a week before the other treatments and matured ten days 
earlier than the others. The nitrate treated plants started well 
but soon fell behind. The lime treated plants made a slow, steady 
growth from the start, and, as will be seen, gave maximum yields 
both of total dry matter produced and of dry peas. Potassium sulfate 
wherever applied seemed at all times to retard growth. This may be 
due to the considerable quantity of sulfate-ion added, as the soil 
already carried nearly one-tenth of one per cent sodium sulfate. 
Gypsum also at first impeded growth. Figure 21 gives one a good 
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idea of the plants when the pods were setting (about one month 
before harvesting). It serves to compare the several treatments, an 
average pot from each series being taken in each case. 

Let us now consider the comparative weights of dried, shelled peas 
produced by the different salt applications (see fig. 20). The results 



Bates sampled. 

Fig. 12, — Water-soluble materials dissolved from croi)ped pot soils reeei\'ing 
both 8ui)erphosphate and calcium carbonate. 


are slightly different from those considered above. The calcium car- 
bonate and the superphosphate treatments alone produced significant 
increases, while treatments of sodium nitrate and of potassium sulfate 
apparently decreased the yields, although the decreases are hardly 
significant. One can see from the data presented that liming to 
neutrality is the treatment par excellence for this soil type where 



374 


Univeraity of (kUiforrUa Fuhliavtiono ta AffrieuHural Soiences [VoL 4 


optimum moiature and temperature conditions obtain. The use of 
superphosphate without lime increases the yield of peas but 6%, 
while the addition of lime alone gives us an 18% increase over the 
check pots. In treatment 8, where both lime and superphosphate 
are applied, the yield is the same as where lime alone is used. The 
soil solubility studies to follow explain this point by showing that 
the calcium carbonate application renders soluble such amounts of soil 



Dates sampled. 

Fig. 13. — Effects of different treatments on specific resistances of water 
extracts. 


phosphorus that still further applications of this element are unneces- 
sary (see fig. 18, curves 4 and 8). At no time during the develop- 
ment of the plants in the greenhouse was the presence of soil toxins 
in any way manifested. Certain other points of interest regarding 
comparative yields will be noted later in connection with the soil 
solubility studies. 

Immediately after harvesting (on April 10), the soils were care- 
fully removed from the pots and the roots examined for nodule pro* 
duction. Previous experience in the field had shown this soil to be 
well supplied with the strain of B, radicicda capable of producing 
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nodules on pea roots. There was but little yariation between the 
individual pots of the same treatment, the following general statements 
applying in each case : 

Treatment No. 1: A few large nodules. Several small ones per pot. 

Treatment No. 2: Similar to No. 1. Possibly a few more small 
nodules. 

Treatment No. 3 : A very few small nodules. But slightly better 
than No. 5. 

Treatment No. 4: Best of all treatments. Large numbers of 
nodules both large and small. Many near bottom of pots. - 

Treatment No. 5 : No nodules found. 

Treatment No. 6 ; Very large numbers of small nodules. No large 
clusters. 

Treatment No. 7 : Large numbers of nodules, chiefly small, al- 
though a few large clusters were noted. Almost as good as No. 4. 

Treatment No. 8: Very few small nodules. Similar to No. 3. 

At first thought it might aeem incredible that such an acid soil 
(Ph 4.5) could harbor viable strains of B, raddcicola. Fred and Daven- 
port,^® however, in a series of very c€u*efully controlled experiments, 
have given data to show that certain of the B. raddcicola group are 
very resistant to acidity. All of the species apparently may withstand 
a reaction, in liquid media, of Ph 5. They state : 

The nodule bacteria from different plants behave very differently toward acid. 
The legume bacteria may be divided into groups about as follows: 

1. Critical Ph — 4,9 Alfalfa and sweet clover. 

2. Critical Ph — 17 Peas and vetch. 

3. Critical Ph — 4.2 Clover and common beans. 

4. Critical Ph — 3.3 Soy and velvet beans. 

5. Critical Ph — 3.15 Lupines. 

The evidence supports the conclusions that a correlation exists between the acid 
resistance of the bacteria and the acid resistance of the higher plant. 

Since their bacteriological work was carried on in solution cultures, 
it may not be directly comparable with soil conditions, although it 
should be added that beans on the soil under experiment grow better 
than do either peas or alfalfa. This sequence would be expected from 
the data above presented. 

Upon further observance of the effect of the soil treatments on 
nodule formation, we note that where nitrates were added, no nodules 
appeared, and, contrary to expectation, where CaCOj was applied to 
neutrality but very few small nodules were found. The reason is 
probably the same in both cases (see fig. 19, curves 3, 5, and 8), 
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namely, a superabundance of nitrate-nitrogen. Many articles are ex- 
tant showing the depressing tendency of large amounts of soil nitrates 
on nodule formation. Superphosphate has often been observed to 
enhance nodule production. Our studies are in agreement with these 
findings. Potash and gypsum treatments but slightly enhanced 
nodule formation. 



Fig. 14. — ^Effects of different treatments on hydrogen-ion concentrations of 
soils. 


Soil Extraction Studies 

It remains for us to discuss the interesting data secured by periodi- 
cally extracting the. differently treated soils with distilled water and 
noting the effects of both the fertilizer applications and the growing 
plants upon the concentration of soil solutes. The importance of 
knowledge of both the direct and the indirect effects of fertilizer chem- 
icals upon soils has been briefly pointed out in the introduction to 
these studies. Stewart^* has shown very fully the effects of a growing, 
unfertilized crop of barley upon the concentration of the soil solution. 
During the first six to eight weeks, a considerable increase in soluble 
nutrients was usually observed. This was especially true of nitrates. 
The growing crop then began to draw heavily upon this store with the 
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result that in most soils a gradual decrease in concentration was noted. 
He found that fertile soils were sometimes exceptions to this rule, the 
concentrations remaining practically constant throughout the entire 
growth period. The cause of this was pointed out as being doubtless 
due to the abilities of very fertile soils to renew soluble materials as 



Bates sampled. 

Fig, 15. — Effects of different treatments on calcium-ion solubility. 


rapidly as they were withdrawn. Hoagland,*^ Millar,®^ and McCool 
and Millar®* have shown that the solutes in the soil solution vary 
greatly at different periods and are materially affected by the growth 
of plants. 

In the present investigation such effects are well shown in the 
curves presented in fig. 5. Upon the abscissae have been plotted the 
dates of sampling, while upon the ordinates appear the concentrations 
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of the various ions in parts per million of dry soil. Table VIII lists 
the data from which these curves were constructed. The graphs 
represent results secured from the eight check pots which received no 
fertilizing materials. Only sli^^t differences in water-soluble potas- 
sium, magnesium, calcium, and phosphorus are here shown at the 
different sampling dates, while during the last two months a gradually 
declining tendency is noticed.. The absolute amounts of these elements, 



Pig. 16. — Effects of different treatments on magnesium-ion solubility. 

present in a readily soluble form, are above those usually secured from 
the poor soils reported by Stewart, with the exception of PO«-ion, 
the amount of which is unusually low. The nitrate-ion gradually 
increased in quantity during the first two months of growth, then fell 
off until, at the time of crop maturity, none remained. The results 
of the chemical work as carried out on the untreated field plot soils 
(fig. 3) are in close agreement with the greenhouse checks, except that 
nitrates, in the field, at no time equal the large quantities at first 
present in the irrigated pot soils. 

Let us now briefly consider the effects pf the several ‘treatments 
upon the solubilities of the constituents of this clay loam soU. The 



1922] 


Bwrge99: 8tudie$ on Marsh 8oit Unproductive for Teas 


379 


check pots, which received no additions, will be taken as the basis for 
comparison. Both the cropped and fallowed soils will be discussed. 

The specific resistances of the soil extracts were always determined 
and are of importance in that they give us, in such dilute solutions, a 
comparative measure of total soluble salt concentrations. One-tenth 
of the specific resistance, in ohms, is shown by the solid lines in the 
graphs. It will be seen that these vary inversely with the concentra- 



Fig. 17. — Effects of different treatments on potassium-ion solubility. 

tion of soil solutes and that a general relationship exists between water- 
soluble salts and crop production. 

Gypsum at the rate of one ton per acre was applied to the pots in 
treatment 2 (see fig. 6). Contrary to many general statements in the 
literature, nitrate production has not here been appreciably affected. 
The amount of water-soluble magnesium, however, has been increased 
almost threefold, while the amount of soluble potassium has been 
doubled under a rapidly growing crop. The amount of phosphate-ion 
was slightly increased at first, but soon fell to the level of the checks. 
Calcium, as would be expected, remained at a high level throughout 
the experiment. Sulfates, occasionally determined but not shown in 
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the graphs^ were highest in the gypsum treatments. In the fallowed 
soils (Table IX), the results were .much the saipe, except that the high 
level of concentration occurred a little later for all of the ions except 
magnesium. Here there was a gradual progressive increase. The 
actual concentrations of water-soluble compounds in the fallowed soils 
in all cases reached much higher levels, than were reached in the 
cropped pots. 



Dates sampled. 


Fig, 18. — Effects of different treatments on phosphate-ion solubility. 


The CaCOg applications increased nitrate production (from soil 
nitrogen) at least threefold throughout the growing period (see fig. 7). 
The same is true of the production of soluble magnesium. Soluble 
potassium and phosphorus are each increased by approximately 50 
per cent. Calcium, in a readily water-soluble form, has been increased 
from an average of 40 p. p. on. in the checks to over 300 p. p. m. in the 
lime-treated pots. The specific resistance of the soil extract is very low 
throughout. With the exception of nitrate (and this tendency is also 
shown in the uncropped soil) the lime treatment not only mamtains 
the concentrations of the several ions during the period of vigorous 
absorption of solutes, but actually increases the rate of solubility of 
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minerals over and above crop demands, for we see that, on March 20, 
at the time of maturity there is shown a slight rise in the phosphorus, 
potassium, magnesium, and calcium curves over the previous sampling 
date. It will be recalled that the CaCO, treated pots produced the 
maximum crops. In the fallowed soil (Table IX), the carbonate 
treatment produced by far. the largest amount of soluble material, as 
shown by the specific resistances. In this case, also, the greatest con- 
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Dates sampled. 

Fig. 19. — Effects of different treatments on nitrate-ion solubility. 


centration of solutes appeared some weeks- later than in the cropped 
soil. Magnesium was an exception. Here progressive solubility was 
gradual throughout. In both cropped and fallowed soils, gypsum 
and calcium carbonate were about equally effective in increasing mag- 
nesium solubility. A simple interchange of bases may possibly account 
for this. The solubility of the soil potassium is affected but slightly 
by the CaCOg additions. 

Figure 8 shows the effect of superphosphate treatment. Figure 4, 
which records similar data for the field plots, may also here be of com- 
parative interest. A notable similarity is shown between the two. A 
comparison of figure 8 with the check pots, figure 5, shows the addition 
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of superphosphate to have practically doubled the amounts of water- 
soluble phosphorus, calcium, and magnesium throughout the duration 
of the experiment, while nitrate formation, contrary to expectation, 
was slightly depressed by it. The same holds true, in the case of 
nitrates, for the fallowed soils, although nitrification in both cases 
increased at first more rapidly in the presence of the soluble phos- 
phorus. In this series the cropped and uncropped soils behaved very 
similarly as regards progressive solubility ; the soil, when receiving an 
application of acid phosphate, apparently being able to maintain the 
important solutes at fairly high concentrations during crop with- 
drawals. 

The results for the NaNO, treatment are shown in figure 9. With 
the exception of the large amount of added nitrate, there is little 
difference between these soils and the checks. Thus, the nitrate appli- 
cation has had very little effect in increasing the solubility of this 
soil’s constituents. This is in accordance with the recent work of 
Bauer,® who found that the presence of NaNOg had no effect upon the 
availability of soil phosphorus, and of Jensen,** who concluded that 
nitrate applications had no effect upon potassium availability and 
actually decreased a soils soluble phosphate content. Spurway,*® on 
the other hand, shows additions of NaNOg to considerably increase 
the solubility of phosphorus and magnesium in the sandy soils which 
he investigated. The increases, however, are irregular, and the con- 
ditions imposed are most artificial. The fallowed soils receiving NaNO, 
gave increases over the checks, although the increments were small in 
comparison with those noted for other treatments. The crop results 
further showed that nitrate applications were unwarranted. The 
specific resistances were here at first slightly lower than were those 
of the checks, due to the soluble nitrate application, but even this 
difference disappeared as the end of the growing period was reached. 

The potassium sulfate application, although slightly increasing 
water-extractable soil materials, also bad no enhancing effect upon 
yields. It was applied at the rate of 500 pounds per acre. Figure 10 
shows that water-soluble lime and potash have each been slightly 
increased during the period of active growth. The solubility of the 
phosphorus has been unaffected, as has nitrate production. Mag- 
nesium has been increased. The results secured with potassium 
sulfate in the fallowed soil are in fair agreement with these. The 
general relationships hold, although slightly larger quantitidii of solutes 
appear in all cases. A slow progressive solubility is recorded for each 
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ion determined except calcium, which apparently assumes its maximum 
concentration about a month or six weeks after the addition of the 
potassium sulfate and thereafter gradually declines. None of the 
solubility increases is marked. 

In treatment 7, superphosphate (one ton per acre), together with 
potassium sulfate (500 pounds per acre), was added. The effects 
upon the solubility of the various ions determined are shown in figure 
11. As would be expected, the soluble salt content has been consider- 
ably increased. Nitrates, however, remain approximately as in the 
check pots. No uncropped soils carrying two-salt treatments were 
maintained. The yields here were a surprise — ^much below those 
where superphosphate alone had been used. This may be due to 
alkali,' ’ for analysis showed that Na 2 S 04 was present slightly in 
excess of 0.2 per cent. Improper balance of salts may also be advanced 
as a possible explanation for the lowered yields, as sulfate, calcium, 
magnesium, and potassium-ions are present in large quantities, while 
nitrates are present in relatively low amounts. 

In the last series, applications of superphosphate and CaCOa were 
the treatments employed. The concentrations of the soil extracts were 
decidedly increased (see fig. 12), as shown by the conductivity meas- 
urements. The Ca-, NO.,-, and P 04 -ions especially showed greatly 
increased solubility. No tendency toward a decline in concentration 
during the period of rapid growth was evident. That soluble phos- 
phate applications are superfluous when this soil is neutralized with 
lime is shown in figure 7. The ability of CaCO., to set free soluble 
phosphorus from soil minerals has also been recorded by Praps,^^ 
Hartwell and Kellogg,^® Guthrie and Cohen, and others. 

In order to compare more easily the effects of the individual treat- 
ments upon the solubility of each ion, a second series of curves was 
prepared. The complete hydrogen-ion and conductivity data are also 
presented. Let us glance at figure 13, which shows the effects of each 
treatment (1 to 8) upon the periodically determined specific resist- 
ances. The determination of specific resistance upon soil extracts is 
at the present time meeting with considerable favor among soil investi- 
gators. In alkali studies, where large numbers of soils must be ex- 
amined for total soluble salts, its use is certainly to be recommended. 
That considerable precision may be claimed for it has been shown by 
von Horoath,^® who has proposed a soil classification based upon elec- 
trical conductivity. In figure 13, the high concentrations of treatments 
8 and 3 (where CaCOa was added) over the entire growth period are 
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well shown, while the low eonoentrations of the checks ( 1 ), the K 2 SO 4 
pots ( 6 ), and the nitrate treated soils (5), are likewise emphasized. 
Numbers, 2 , 4, and 7 occupy intermediate positions. That the yields 
may be closely correlated with soluble salt concentrations (conduc- 
tivities) has been previously noted. A comparison with figure 20 
emphasizes this fact. 

Considerable interest attends the data presented in figure 14. 
Hydrogen-ion determinations were made periodically upon these 
pot soils throughout the experiment, much care being taken to secure 
accurate, comparative results. It was desired to ascertain whether or 
not, during the growth of the crop, any of the fertilizer treatments, 
except, of course, CaCOg, had in any way altered soil reaction, and 
also whether or not, after adding CaCOg to neutrality, any acidity 
subsequently developed. The abscissa shows the dates of sampling, 
while the ordinate is divided into the customary Ph units. The small, 
ten-gram samples used in making these determinations were carefully 
taken from the large monthly composite samples and were repre- 
sentative. The determinations were made upon the moist soils as 
soon as received from the greenhouse. ^ study of figure 14 shows 
that in treatments 3 and 8 , sufficient CaCOg had been added to main- 
tain an alkaline reaction (above Ph7), although the tendency to 
gradually decrease in alkalinity is shown at the last two sampling dates. 
While exactly the same amounts of CaCOg were supplied in both cases, 
it will be seen that the addition of superphosphate in treatment 8 
rendered this soil more alkaline at all times. The same tendency to 
induce alkalinity is shown where superphosphate is added alone 
(compare treatment 3 with treatment 1), the checks being the most 
acid soils of all. These results are in direct agreement with those of 
Conner,*’ who has shown that soils that had been treated with acid 
phosphate for twenty years were less acid than the untreated soils. 
Morse®® has determined hydrogen-ion concentrations colorimetrically 
on certain plot soils. In agreement with other investigators, he claims 
that acid phosphate, even though used over a long period of years, 
produced no noticeable effect on soil reaction, while, where lime was 
occasionally used with it, at the rate of one ton per acre, the super- 
phosphate apparently further enhanced alkalinity. Small, definite 
differences also existed between the checks and the soils receiving the 
neutral salt treatments. It will be seen that the K 2 SO 4 application 
has decreased the hydrogen-ion concentration throughout *by at least 
three-tenths of a Ph — ^ an amount too great to be considered expert- 
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mental error. This basic tendency of the other salts, while less pro- 
nounced, is, however, uniform and definite. 

A decided upward trend of all of the curves (except 3 and 8) is 
noticeable from February 20 to March 20. The decreases in hydrogen- 
ion concentration are here too marked to be ascribed to error. A pos- 
sible explanation for this is as follows; At the end of the growing 
season, a small fraction only of the nitrate still remains in these very 
acid soils (see figure 19). The soil solution must be practically 
saturated with COg due to rapid root growth and high organic matter 
content. When the large amounts of nitrate are absorbed and removed 
from solution, the bases formerly associated with this strongly acid 
radical may combine with the weak HjCO^ forming bicarbonates of 
the strong bases (K, Na, Ca). Subsequent hydrolysis tends slightly to 
increase OH-ion concentration. 

Another point which the writer deems of importance in connection 
with the reaction studies recorded is that strong soil acidity, per se, 
is not necessarily harmful to growth, and that it has in the past been 
over-emphasized as a cause of low productivity, especially in the case 
of leguminous crops. A glance at figure 21, together with the high 
yields secured in all cases, checks included, suffices to show that, even 
where such a “lime loving’^ legume as the pea is grown, other con- 
ditions being optimum, good results may be expected in the presence 
of high soil acidity. So far as the writer is aware there is no definite 
evidence in the literature to show that soil acidity of itself is the 
direct cause of infe^tiIit3^ Recent work at the University of Cali- 
fornia might be cited to show that heavy juelds are often secured in 
solution cultures where hydrogen-ion concentrations are abnormally 
high. It is thus questionable whether caniplete neutralization, espe- 
cially where high lime applications are necessary, is ever justified. 
Many cases have been noted where the satisfaction of a small fraction 
of the so-called “lime requirement^’ has increased yields to the same 
extent as have larger lime treatments. 

The comparative calcium-ion concentrations in the variously treated 
soils appear in figure 15. In treatment 8, receiving both CaCOg and 
superphosphate, we find the most soluble calcium. This is followed 
by CaCOg, gypsum, superphosphate plus K2SO4, and superphosphate 
alone. The K2SO4 and the NaNOg treatments had little effect in 
setting free soil calcium. 

The behavior of magnesium-ion is of interest in that it follows 
closely that of calcium-ion solubility. A comparison of figure 16 with 



886 


VvMieraity of California Puhlieations in AgriaUtwrai Soieneet [Vol. 4 


figure 15 shows that there are no exceptions to this statement. As 
magnesium was in no case applied to the soils* in soluble form, there 
must have been a direct exchange of bases between this ion and those 
supplied in the treatments. 

The solubility of soil potassium has been fully discussed. A 
direct graphical comparison of the treatments is shown in figure 17. 
The check soils (number 1 ) are the lowest in available potassium 
throughout, while, aside from the direct K 2 SO 4 treatments, gypsum is, 
in the soil under study, apparently superior to all others in setting 
free potash. The efficacy of the superphosphate additions is here 
doubtless due to this ingredient. Recent work of McCool and Millar** 
bears out this statement. Calcium carbonate is much less effective. 
Slight increases only result from the NaNOg applications. 

The percentage of water-soluble phosphate is unusually low in 
this soil and none of the treatments, except those directly supplying 
phosphate-ion, greatly alters its availability save CaCOg which has a 
slightly enhancing tendency toward the end of the experimental period. 
The check soils are a little below the others in the amounts of soluble 
phosphorus they contain, as shown in figure 18, although the differ- 
ences are slight. That low concentrations of POg-ion are the rule in 
water extracts of soils has often been recorded. Certain data recently 
secured by the writer have shown that the same holds for the true 
soil solution as obtained by a direct pressure method. One to three 
p. p. m. of soil solution are here usually found. Work in this con- 
nection has been reported elsewhere.! 

The nitrate-ion concentrations as plotted in figure 19 are of interest 
in that they closely agree with nitrification studies (not here reported). 
Except number 5, where NaNOg was directly supplied, the CaCOg 
treatments alone gave noteworthy increases. In all cases, however, 
sufficient nitrification may have taken place within this acid soil to 
supply crop requirements, although it should be recalled that a legu- 
minous crop was grown. 

While the results of these solubility studies apply to this soil alone, 
we are probably safe in considering them generally applicable to 
transported, low-lying acid clays and clay loams, comparatively high 
in organic matter and rich in nitrogen, 

* The superphosphate alone' gave slight traces. 

t Seo Soil Science, vol. 13. 
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SUMMARY 

The work herein reported embraces an investigation of an acid, 
marsh soil, unproductive for peas, by the use of certain of the more 
modern procedures. Both field and greenhouse experiments were con- 
ducted, a variety of fertilizing materials were employed, and soil- 
water-extracts, periodically made, were studied to ascertain the rates 
of formation, as well as the absolute amounts, of soluble salts formed 
in the soil when influenced by the different factors involved. This 
work has been supplemented by hydrogen-ion determinations and con- 
ductivity measurements. A detailed discussion of the results secured 
has been given in the body of the text, although a critical study of 
the data presented offers several points of theoretical interest. 

Doubtless, the most important point made, aside possibly from the 
effects of the various treatments upon yields, is the remarkable indirect 
fertilizing action of certain of the chemical compounds when applied 
to this cropped, clay-loam soil. That this has been brought about by 
a process of ionic substitution, element for element, within the 
hydrated silicate molecules, thereby greatly increasing mineral solu- 
bility, is a probable explanation. Why certain bases, as calcium for 
instance, should be more active than sodium or potassium or why the 
SO^-ion should be more reactive than either NOg-ion or P04-ion are 
questions offering a good field for hypothesis and experiment. 

In comparing field and greenhouse yields we see that while CaCOg 
had no effect whatever in the field, in the pot experiment it gave the 
largest crop. With superphosphate the results were reversed. As 
this was an unusually dry year in the field, while in the greenhouse 
moisture conditions were maintained at optimum, an explanation may 
possibly lie in the comparative solubilities of these two compounds. 
The action of the CaCOg, being in large part due to its indirect effect 
through enhanced nitrification, requires considerable quantities of 
water, while, on the other hand, if sufficient moisture is present to 
dissolve but a small portion of the superphosphate, enhanced yields 
should result in a soil deficient in available phosphorus. Another 
effect of the field application of acid phosphate was to increase per- 
manently the solubilities of all of the soil constituents except P04-ion. 
Soluble phosphorus was directly supplied, yet at the end of two 
months no indications of such applications were apparent in the water 
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extracts. Similar eonditioas were observed in the gremihoose pot 
soils. It has been noted that small quantities (12 to 14 p. p. m.) of 
soluble aluminum were consistently found in this soil. A simple 
explanation of rapid phosphate reversion may thus be found in a 
direct union between superphosi^te and soluble aluminxim, with 
the formation of insoluble aluminum phosphate. In a soil rendered 
alkaline with lime, however, no such reaction could occur due to the 
precipitation of all soluble aluminum, either as the hydroxide or as 
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Tig. 20. — Ck>mparatiTe yields per pot of totsl dry matter and cured peas. 

calcium aluminate,** as well as to the early formation of the reverted 
calcium phosphate which, so far as crops are concerned, is largely 
available. Such conditions do obtain in the CaCO,-treated pots where 
maximum yields were registered and where moisture conditions were 
optimum. The curves here also show a slightly enhanced phosphate 
solubility which is maintained throughout the growing period. 

A careful study of figures 5, 7, 11, and 12, together with compara- 
tive yields for these treatments (figure 20) , casts some doubt as regards 
the power of soluble phosphorus to increase yields greatly in this 
soil unless soluble calcium also is present in adequate amounts. In 
figure 11 (superphosphate -f K,SO«) fairly large quantities of 
scAuble P 04 -ion obtain (in fact, larger than appear in the CaCO*- 
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tmted pots), yet tiiie yields are greatly in favor of the CaCO, addi- 
tions. Large percentages of soluble calcium are shown at all times in 
figure 7. In figure 11, however, less than one-half of these amounts 
is present, while magnesium-ion concentration in this case is almost 
equal to that of calcium-ion. These results may show that a eerthin 
balance of ions within soil solutions is essential for optimum plant 
growth. 



Fig. 21. — Plants one month before harvesting, showing the eight treatments. 


Similar indications of the necessity for proper ionic ratios are 
shown in figures 7 and 9 where nitrates, phosphates, potassium, and 
calcium may be compared. The proportion of nitrates is high in 
both oases ; the amounts of phosphates differ but 1 to 2 p. p. m., as is 
also the case with potassium, but calcium-icm is increased, sixfold in 
the CaCO, treatment where the maximum yields are recorded. Other 
examples might be given which indicate that where anions are high, 
cations must also be present in certain definite optimum proportions. 

A glance at the periodical conductivity measurements on the 
extracts from the variously treated soils shows that they arrange them- 
selves exactly in the order of productivity. This method has been 
shown to be of great value in the study of alkali soils where large 
quantities of soluble salts prevail. May it not be of still greater value, 
in the absence of alkali, where estimates of comparative fertility are 
desired T 



m 


JjTidversiiy of California PubUcaiion$ in Affricultutal Sciences 4 


Soil acidity has been fully discussed in the light of data here pre* 
sented and, except in the presence of unusually high hydrogen-ion 
concentrations (below Ph 4.5), it seems doubtful to the writer that 
acidity, per se, is ever the direct cause of low productivity provided 
sufficient concentrations of the basic ions (Ca, Mg, K) are present 
within the soil solution. 


CONCLUSIONS 

The following general conclusions may be drawn as the result of 
these investigations : 

These studies were carried out on an acid, drained, heavy clay- 
loam, marsh soil of the San Francisco Bay region which was unpro- 
ductive for certain crops and carried small percentages of the white 
alkali salts, notably sulfates. 

Nitrification studies showed that the addition of calcium carbonate 
to neutrality greatly increased nitrate production, while soluble phos- 
phorus and potassium compounds, without lime, produced no effect. 
Ammonification was largely due to soil fungi, and the Azotobacter 
species were absent. 

A statistical study of the factor of variability, where certain water- 
soluble ions within soil extracts were taken as the criteria, showed that 
apparently uniform field soils inay vary greatly within small areas; 
this is in accordance with the recent work of Waynick and Sharp.^** 

In the field, water was apparently the limiting factor in crop pro- 
duction at the Marin Meadows Ranch during the 1919-1920 season. 
Under those conditions superphosphate applied at the rate of one ton 
per acre increased yields by approximately 25 per cent while liming 
to neutrality gave no increases over the check plots. The chemical 
control maintained throughout the duration of the field experiment 
showed that the acid-phosphate applications had greatly enhanced the 
solubility of soil K, Mg, and Ca, while nitrate production was affected 
but slightly. The rapid revision of soluble phosphate within this soil 
was thought to be due largely to the formation of aluminum phosphate, 
for a small amount of aluminum-ion was always present in water 
extracts of this soil. Ferrous compounds or other toxic materials 
aside from the white alkali salts were not found. 

In the greenhouse, where moisture a^nd temperature conditions 
were optimum, much larger plants were produced. A 35% increase 
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(over the checks) in yield of total dry matter attended the use of 
CaCOg, when added to neutrality, and a 28% increase where super- 
phosphate at the rate of one ton per acre was applied. The soils 
receiving gypsum treatments and the checks were about equal in pro- 
ductivity, while NaNOj, and K 2 SO 4 , each supplied at the rate of 500 
pounds per acre, gave slight but insignificant losses. The yields of 
dried peas followed in a similar order. 

Nodule formation as affected by these treatments within this very 
acid soil is discussed. Nitrates completely inhibited it, while CaCOg 
added to neutrality acted similarly (due doubtless to greatly enhanced 
nitrification). The application of soluble phosphorus increased nodule 
formation while potassium sulfate and gypsum produced no noticeable 
effects. 

All of the chemical compounds added increased the concentration 
of the soil solutions under the growing crops when compared with the 
untreated checks, although marked differences between the several 
treatments were noted. A direct relationship existed between the con- 
centration of solutes present in the soil extracts, as shown by con- 
ductivity measurements, and crop production. Gypsum was the most 
active liberator of the soil potassium and was equal to any other 
compound in effecting the solution of soil magnesium, while its action 
upon phosphorus availability and upon nitrate formation was nil. 
Calcium carbonate, when added to neutrality, was apparently the 
most effective soil solvent supplied, although its action was probably 
largely indirect. It occupies first place in effecting the solution of 
all ions, except potassium. In comparison with the checks, specific 
resistance was here decreased by almost one-half. This is doubtless 
due to tlie intensive nitrification which this treatment engenders. 
Nitrate production (from soil N) was nearly trebled, as was water 
soluble magnesium. Soluble calcium was increased many fold, and 
soluble K and PO* were each increased by at least one-third. With 
the possible exception of nitrate-ion concentration, which likewise fell 
off in the fallowed soil, there was no declining tendency noticed on the 
part of any of the nutritive ions during maximum withdrawals by 
the heavy pea crop produced. 

The enhanced solubility of soil minerals due to superphosphate 
applications is probably largely to be attributed to the gypsum which 
this material contains. Bearing in mind that approximately twice as 
much calcium was supplied in the gypsum treatments, the similarity 
between the two is strikingly shown in figures 6 and 8 . Soluble 
phoshorus, of course, was directly supplied in the superphosphate. 
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Sodium nitrate had little effect upon this soil’s solubility in water 
throughout the duration of the experiments here reported. 

Potassium sulfate applications increased the amounts of Ca and 
Mg going into solution by possibly one-third, while nitrate formation 
and phosphate availability were apparently unaffected. 

The results secured from the two^alt applications, both as regards 
yields and soil solubilities, were approximately the same as the average 
of the similar individual single-salt treatments. 

A periodical study of hydrogen-ion concentration was carried out 
on each of the differently treated pot soils throughout the cropping 
period. All of the soils to which neutral salts had been applied were 
slightly but consistently less acid than were the checks, superphosphate 
especially tending to lower H-ion concentration. During heavy nitrate 
absorption there was a slow, definite increase in soil alkalinity. On 
the other hand, where calcium carbonate had been added to neutrality, 
a progressive increase in H-ion concentration was recorded. The ques- 
tion is discussed as to whether soil acidity, per se, is ever a direct cause 
of impaired productivity. 

The results, when cropped and fallowed soils were compared, 
differed but slightly, the chief dissimilarity being that the water 
extracts of the fallowed soils reached maximum concentrations about 
a month later than did those of the cropped soils, and thereafter 
remained stationary or gradually decreased. Larger amounts of 
solutes were, as a rule, present in the uncropped soils but the same 
comparative relationships almost invariably held. A series of fal- 
lowed soils is therefore held to be here superfiuous, little additional 
information being gained, while the labor involved is approximately 
doubled. 

In conclusion, the writer wishes to express his indebtedness to 
Professor C. B. Lipman, under whose direction this work was done. 
Thanks for many helpful suggestions and criticisms are also due 
Professor D. R. Hoagland and Professor W. P. Kelley. 
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THE EFFECT OF EEACTION ON THE FIXATION 
OF NITROGEN BY AZOTOBACTER* 


BY 

HABIiAN W. JOHNSON and CHABLES B. LIPMAN 


INTRODUCTORY 

Azotohacter has been given considerable attention in the literature 
of soil bacteriology and it is thought that it plays an important part 
in keeping up the supply of nitrogen in many soils. 

It has been recognized, almost since its first discovery, that Azoto- 
bacier is especially sensitive to the reaction of the medium in which 
it grows. The effect of acidity on the organism is so well established 
that its absence from a soil has frequently been taken as an indica- 
tion that the soil needed lime. In fact, Christensen has worked out a 
method wherein he uses these organisms to determine the lime require- 
ment of soils. The point has been repeatedly stressed that the acidity 
of soils must be neutralized if Azotohacter is to fix nitrogen effectively. 

Since the influence of hydrogen-ion concentration on bacteria has 
been recognized, the following investigators have reported on its effect 
on these organisms. 

Fred and Davenport^ reported that Azotohacter is very sensitive, 
the limits for its growth being between Ph 6.6 and Ph 8.4 to 8.8. 

Gainey^ in a preliminary report states that in 90 soils studied all 
but 8 of the 37 in which no Azotohacter was found had a Ph. value of 
5.9 or less and all but 3 of those containing the organisms had Ph values 
of 6.0 or greater. In later papers® he reported that Azotohacter rapidly 
disappears when inoculated into soils whose Ph value is below 6.0 and 
that, in a study of 382 soils, using the hydrogen electrode for Ph 
measurements, 158 samples with Ph values below 6.0 and 20 above 6.0 

* This study was undertaken at the suggestion of Dr. C. B. Lipman, in whose 
laboratoiy the work was carried out. 
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contained no Azotobacierf while 165 samples whose Ph values were 
above 6,0 and 39 samples below 6.0 showed Azoiobacter, The average 
nitrogen fixed in 186 samples containing Azotobacier was 7.9 mgs., 
while the average fixed in 181 samples lacking the organism was 
4.6 mgs. 

Waksman* in a study of cranberry soils found no Azotobacter in 
an unlimed soil with Ph values of 5.4 to 5.6, but in an adjacent limed 
soil with a Ph value of 6.2~6.4 found it to be present. 

These investigators agree that slight acidity inhibits the growth 
of Azotobacter, None of them, however, reports on the effect of 
the reaction on the nitrogen fixing efficiency of the organism. Gainey 
reports the nitrogen fixed in the soils containing Azotobacter as com- 
pared with soils lacking them, but does not state the effect of the 
reaction in the soils where they were present. 

The work here presented was undertaken to determine the effect of 
various hydrogen-ion concentrations on the ability of Azotobacter 
chroococcum to fix nitrogen. 

EXPERIMENTAL 

The organism used was a -strain of Azotobacter chroococcum 
isolated from a California soil which in previous work had been fqund 
to be very efficient in nitrogen fixation and to produce abundant 
pigment. 

The medium was made up as follows : 


Mannite, 

15.0 gms. 

MgSO, -711,0, 

.2 gms. 

NaCl, 

.2 gms. 

CaSO, • 2H,0, 

.1 gms. 

II,PO„ 

1.5 c.c. 

Distilled water, 

1000 c.c. 


This solution was titrated with N/2 KOH to give definite Ph values, 
using the hydrogen electrode in the titration. The titration curve of 
the medium is shown in figure 1. The inoculations were made into 
TOO c.c. portions of the medium in 800 c.c. Erlenmeyer flasks. To 
secure uniform inoculation, 50 c.c. portions of the medium in a small 
Erlenmeyer flask were inoculated with Azotobacter ^ and after a char- 
acteristic membrane had formed the flask was shaken vigorously, and 
the suspension was used as the inoculum. . 




Pig. 1. Titration Curve of Medium Used 
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The First Series 

In this series the medium was titrated to give Ph values of approxi- 
mately 3, 4, 5, 6, 7, 8, 9, 10, and 11. These values changed during 
sterilization and incubation. 

Four flasks of each reaction were inoculated and incubated three 
weeks at 28® C. 

Three of the flasks of each reaction were left undisturbed. The 
others were used for Ph measurements, 5 c.c. being withdrawn at 
intervals from each for electrometric determinations. 

The Ph vfiJues of the solutions in these flasks at the time of 
inoculation and at each of the succeeding periods are shown in figure 2. 

After incubating twenty days the nitrogen in each of the un- 
disturbed flasks was determined and the amounts fixed are given in 
table 1. 


TABLE 1 

Nitrogen Fixed in Solutions op Various Ph Values 
Series 1 


N Fixed Mgs. 


Ph at time 

Ph at time 

Flaak 

Flask 

Flask 


of titration 

of inoculation 

No. 1 

No. 2 

No. 3 

Average 

3.14 

3.47 

.07 

.0 

.0 

.02 

4.10 

4.80 

.0 ^ 

.07 

.0 

.02 

5.06 

5.31 

.0 

.0 

.0 

.00 

5.98 

6.07 

.70 

1.12 

.0 

.61 

7.00 

7.08 

1.82 

2.66 

2.52 

2.33 

.8.15 

7.69 

2.59 

1.75 

2.45 

2.26 

9.01 

7.98 

2.42 

2.28 

2.42 

2.37 

10.04 

8.08 

2.40 

3.38 

3.52 

3.10 

11.03 

8.86 

4.95 

4.11 

3.41 

4.16 


It will be noticed that the Ph values of the media were not the 
same when inoculated, as at the time of titration. This may be due 
to incomplete reaction at the time of titration, although the titration 
required two days for completion. It might be due to the absorption 
of carbon dioxide by the more alkaline media, since these media showed 
the greatest changes and several days intervened between sterilization 
and inoculation. Probably both factors had their effect. It will be 
noted that the solutions with Ph values of 6.0 and 7.0, whos^ reactions 
remained remarkably constant, lie in the r^ion which is shown by 



Ph Values 
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the curve in figure 1 to be most highly buffered, while those with Ph 
values between 8,0 and 11.0, which are in a poorly buffered region, 
show the greatest changes. The growth of Azotobacter in the more 
alkaline solutions also affects the reaction. The more acid solutions, 
although in a poorly buffered region, show little change in reaction. 



The end point for nitrogen fixation on the acid side of the neutral 
point evidently lies very close to Ph 6.0. At that reaction only a very 
small amount of nitrogen was fixed and in the solutions with lower 
Ph values no fixation occurred. The alkaline reaction inhibiting 
fixation was not reached in this series ; in fact the largest amount of 
N was fixed in the most alkaline medium used. 
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The Second Series 

The second series was planned to find more accurately the lower 
critical Ph value and an alkaline reaction inhibiting fixation. Conse- 
quently solutions were made up with Ph values of approximately 5, 6, 
6.2, 6.4, 6.6, 6.8, 7, 8, 9, 10, 11, and 12. 

Four flasks of each Ph value were again inoculated and incubated, 
one of each Ph value being used as before for Ph determinations. 

Only three Ph determinations were made, viz., at inoculation, ten 
days, and seventeen days later. It is regretted that no determination 
was made at the end of incubation. The reactions at the time of 
inoculation and later are shown in figure 3. Again those in the 
buffered region between Ph 6.0 and 7.0 showed little change, while 
those above in the less buffered region were markedly changed. The 
change in the highly buffered solution of Ph 12 is remarkable, but must 
most likely be due to absorption of carbon dioxide since sterilization did 
not materially change the reaction. It should be noted that an extra 
flask, uninoculated, changed exactly the same as the inoculated one. 

These cultures were incubated thirty days, since the amounts of 
nitrogen fixed in the period of twenty days in the first series were 
rather small. The amounts of nitrogen fixed in this series are given 
in table 2. 

TABLE 2 

Nitr<K}en Fixed in Solotions op Various Ph Values 
Series 2 

N Fixed Mfp*. 


Ph at time 

Ph at time 

Flask 

Flask 

Flask 


of titration 

of inoculation 

No. 1 

No. 2 

No. 3 

Averag.^ 

5.00 

5.34 

.0 

.0 

.28 

.09 

5.99 

5.97 

.28 

.84 

1.96 

1.02 

6.20 

6.29 

5.88 

4.76 

4.20 

4.95 

6.41 

6.49 

3.36 

4.62 

5.18 

4.38 

6.63 

6.70 

3.64 

4.90 

4.34 

4.28 

6.83 

6.83 

3.78 

4.90 

4.34 

4.34 

6.97 

6.93 

7.50 

8.12 

2.66'' 

7.81 

8.00 

7.93 

5.46 

5.18 

4.48 

5.04 

8.99 

8.18 

5.46 

4.90 

5.34 

5.23 

10.02 

8.52 

5.60 

5.88 

.42* 

3.97 

11.02 

9.26 

.14 

8.26*» 

.0 

.07 

12.05 

11.87 

.0 

.0 

.14 

.05 


* Not included in averages since very evidently some factor bad affected the 
results. 

The amounts of nitrogen fixed in this series were somewhat larger 
than those in the first series and show a somewhat different effect of 
reaction. In this series the neutral solution shows the greatest fixation. 
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It is evident again that Ph 6.0 is near the critical limit for fixation. 
The very great increase in N fixed* in the solution about .2 Ph higher 
is remarkable. The lower limit for fixation is apparently very definite. 

The upper limit for nitrogen fixation was reached in the solution 
whose Ph value at inoculation was 9.26. 


Fig. 3. Changes in Ph Values. Second Series 
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♦ 

GENERAL DISCUSSION 

These experiments were planned to determine the effects of 
hydrogen-ion concentration on nitrogen fixation by Azotohacter. The 
results obtained, however, can only be used to show that nitrogen 
fixation is not seriously affected until the critical limits of reaction are 
closely approached, when an abrupt decrease occurs in the amount of 
the nitrogen fixed. The variations in amounts of nitrogen fixed in 
solutions between these limits are not sufficient, considering the 
number of cultures used and the variations between cultures of the 
same reaction, to be of definite significance. The averages given in the 
tables are simply for convenience, and it is realized that a large 
number of fiasks of each reaction would be necessary in order to 
secure conclusive evidence of the effects of various reactions. 

The results show that there is an abrupt decrease in the amount 
of nitrogen fixed between Ph 6.2 and Ph 6.0, in other words, that the 
limiting hydrogen-ion concentration for good nitrogen fixation is a 
definite value between those two points. This corroborates the results 
of the previous investigators who found Azotohacier in soils whose 
Ph was 6.0 or above and none in soils with lower Ph values. It shows 
that we can expect no nitrogen fixation by Azotobacter in many of our 
soils, since it has repeatedly been shown that Ph values below 6.0 are 
frequently encountered. These organisms apparently react much more 
'sensitively than do most of our other soil organisms, since ammoni- 
fication, nitrification, and other forms of bacterial activity are active 
in soils whose acidity is higher than Ph 6. 

The alkaline limit for nitrogen fixation is apparently near Ph 9.0, 
since in the first series the solution whose Ph value was 8.86 at inocu- 
lation showed good fixation, while in the second series the solution 
inoculated at Ph 9*.26 showed no nitrogen fixed. It is doubtful 
whether many soils ever attain such a reaction. Sharp and Hoagland 
report two soils whose alkalinity is greater, but these were exceptional 
alkali soils. 

From this study, FredV limits of Ph 6.6 and 8.4 to 8.8 would 
seem to be too narrow. Different strains of Azotobacter, however, may 
show variations in the effect of reactions on growth, and since this 
strain was an especially vigorous one its limits might be expected to be 
wider. 
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SUMMARY 

A vigorous strain of Azotobaeter chroococcum was grown in 
solutions whose reactions were definitely determined by the hydrogen 
electrode. The nitrogen fixed in the. solutions of each reaction was 
determined and the changes in reaction during incubation were 
measured. 

It was found that the reaction of the solutions below Ph 8.0 
changed very little, those below Ph 6.0 because no growth occurred, 
and those between 6.0 and 8.0 because the solution in this region was 
highly' buffered. 

Above Ph 8.0 the reaction changed greatly, possibly due to incom- 
plete reaction of the alkali at the time of titration, but more probably 
due to absorption of carbon dioxide by the strong alkali. 

The amount of nitrogen fixed was not greatly affected by reactions 
between Ph values of 6.2 and 8.8 although reactions around Ph 7.0 
and 8.0 seemed to be most favorable. Slight changes outside of these 
values caused an abrupt decrease in fixation. 
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THE TOXICITY OF COPPER SULFATE 
TO THE SPORES OF 
TILLETIA TRITICI (BJERK.) WINTER* 

BY 

FRED N. BRIGGSt 


INTRODUCTION 

Copper sulfate has long been recognized as an effective fungicide 
for the control of TUletia tritki (Bjerk.) Winter. The usual treat- 
ment is to dip seed wheat infected by the organism in a copper sulfate 
solution. That this treatment greatly diminishes the number of dis- 
eased plants is certain, but just how the individual spores are affected 
physiologically by the copper has never been fully determined. 


REVIEW OP LITERATURE 

According to Evans,* “Tessier, 1889, seems to have been the first 
to use copper compounds for the prevention of smut.^' In a work 
published in 1807, Prevost^ gives a careful account of the effect of 
copper on the spores of wheat smut, TiUetia tritici. Stevens® studied 
the toxicity of a large number of chemical compounds and concluded 
that all the copper salts agree closely in their toxic action on fungous 
spores. Duggar^ made an extensive study of spore germination as 


* Thesis submitted in partial satisfaction of the requirements for the degree 
of Master of Science in Agriculture, at the University of California, May, 1922. 

t Assistant Pathologist, Office of Cereal Investigations, Bureau of Plant Indus- 
try, United States Department of Agriculture (in cooperation \rith the California 
Agricultural Experiment Station), The writer Wishes to express his indebtedness 
to the United States Department of Agriculture for the privilege of pursuing post- 
graduate studies; to Professor W. W. Mackie, of the University of California, 
under whom this work was done, for his kind suggestions and helpful criticisms; 
to Professor J. P, Bennett for the use of his laboratory and for his many kind 
suggestions. 
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affected by certain chemical, as well as physical, stimuli. He found 
that fungi were stimulated very little, if any, by copper sulfate and 
that they tolerate only very dilute concentrations of copper sulfate. 
Clark^» * studied the toxicity of copper sulfate to 15 fungi which 
represented fairly well the natural groups, and found that 12 forms 
represented a range of lethal concentration of .0168 N to .0099 N, or 
slightly less than 70 per cent variation. He also found that copper 
sulfate was much more toxic when dissolved in pure water than when 
dissolved in any other medium. Hawkins,® using distilled water, 
found that a .00006 N concentration of copper nitrate practically 
inhibited the growth of Glomerella cingulata. 

In summing up the work of previous investigators, it is readily 
seen that the growth of most fungi is inhibited by rather low concen- 
trations of copper compounds. 


METHODS 

In starting this research, the first problem was to determine the 
conditions under which maximum uniform germination could be 
secured. 

Stakman® writes that rather uncertain and capricious germination 
was noted by Prevost, De Candolle, Tulsane, Kiihn, Fischer von Wald- 
heim, Brefeld, and others. He found that germination required from 
two to four days in water at room temperature and that all nutrients 
except soil infusion exerted a harmful effect on germination. Mc- 
Alpine* also germinated the spores in water in two or three days. 
Wilcox^® was not able to obtain more than 8 to 10 per cent germination 
in distilled water, and that only after a period of twenty-five to thirty 
days. 

Culture solutions , — In preliminary experiments to determine the 
best medium for germination the following solutions were used : 

No. 1. Water extract from Yolo sandy loam soil. 

No. 2. Same as No. 1 diluted to one-half strength. 

No. 3. Same as No. 1 diluted to one-quarter strength. 

No. 4. Water extract of San Joaquin sandy loam soil. 

No. 5. Same as No. 4 diluted to one-half strength. 

No. 6. Same as No. 4 diluted to one-quarter strength. 

No. 7. Distilled water. 

No. 8. Tap water. 
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Extracts of soil were made by mixing one volume of soil with two 
volumes of water and autoclaving for one and one-half hours at 
17 pounds pressure. The liquid was filtered off under pressure and 
sterilized. 

Solution No. 5 gave the highest per cent and most uniform 
germination and was therefore used for the experiment. 

Using Baker's analyzed copper sulfate, a .IN stock solution was 
made up. The concentrations required for this experiment were 
then made up by a series of dilutions and were prepared without the . 
measurement of less than 10 c.e. in any case. Standard pipettes and 
volumetric flasks were used. 

Temperature . — In preliminary experiments to determine the 
optimum temperature for germination, tests were made at room 
temperatures and controlled temperatures, 48® F., 53® P., 58® F., and 
63° P. The latter temperatures were maintained by an automatically 
regulated chamber placed in a 40° P. cold storage room. Based on 
the results of the above experiments, it was decided to conduct one 
set of experiments at a controlled temperature of 58° P. and one set 
at room temperature which varied from 56° to 62° F. 

Method of cvJture . — Two methods of culture were used: (a) the 
sealed hanging drop method as described by Clark' and Duggar®; 
and (&) the ventilated hanging drop. The latter was prepared by 
supporting the cover glass on two strips of paraffin 4 mm. square 
and 25 mm. long. By heating the slides the strips were sealed to 
them, and the cover glasses were made fast by pressing the edge with 
a hot needle. These cultures were kept in a moist chamber, in order 
to keep the drop from evaporating. 

Examination of cultures . — Cultures were examined on the fourth 
day, and each day thereafter until they were nine or ten days old. 
Counts of ten spores were made from each of five different fields and 
the average per cent of germination recorded. 
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DATA AND DISCUSSION 

The data showed that there was little, if any, difference between 
the germination at the laboratory temperature and that at the con- 
trolled temperature. Likewise the germination in the sealed hanging- 
drop cultures was not essentially different from that in the ventilated 
hanging-drop cultures. 



Fig. 1. Concentration of copper sulfate. 


Under all conditions germination was somewhat erratic. Fre- 
quently duplicate mounts showed variations of 30 to 50 per cent in 
germination, but this was probably due, to some extent, to contam- 
ination by moulds, which frequently occurred toward the end of the 
incubation period. The technic followed in making up the mounts 
undoubtedly was responsible for some of the erratic germination. A 
small drop spread in a thin layer gave better germination than a large 
drop. The number of spores in proportion to the amount of solution 
was probably another factor. In a given drop the amount of copper 
for each spore would decrease as the number of spores increased. So, 
>yith a few spores, there might be a decided decrease in germination, 
while with a large number of spores there would be little decrease. 
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Since there was so little difference in germination under the differ- 
ent conditions of this experiment, the results were averaged together 
and are presented in a graph (fig. 1). 

It will be noted from the data represented in the graph that an 
.002N solution of copper sulfate was sufBicient to inhibit the growth 
of the spores of Tilletia tritici under the condition of this experiment. 
Cultures of .002N to .008N were kept for 20 days without any germ- 
ination. A soil extract of a dilferent concentration probably would 
have given a different point of inhibition. Clark® found the lethal 
concentration of copper sulfate to be .0076N when a beet decoction of 
normal strength was used ; while it was .0034N, or approximately one- 
half when the decoction was diluted to four volumes. 

Concentrations of .0008N and .OOIN caused a decided decrease 
in percentage of germination. The promycelia were very short and 
distorted, in many cases never reaching a length greater than 20 
to 30/i. No sporidia were found in cultures of this concentration, and 
because of their weakened condition it is very doubtful if any of 
these spores would be capable of infecting a wheat plant. 

The concentration of .0006N copper sulfate caused many signs of 
abnormal germination, but frequently a spore would germinate in 
a perfectly normal manner, in so far as one could determine from 
a superficial examination. In the more dilute copper solutions, ger- 
mination apparently was normal with no depression of any very 
great consequence in the percentage of germination, while in the more 
concentrated copper solutions there was some delay in germination 
and a very marked decrease until the point of inhibition was reached. 


CONCLUSIONS 

Under the conditions described the following conclusions may be 
drawn : 

1. In a culture solution consisting of a water extract of San 
Joaquin sandy loam soil, a ,002N concentration of copper sulfate is 
suflJcient to inhibit the germination of spores of TUletia tritici 

2. In concentrations of .0008N and .OOIN there was very little 
germination and that which oecrirred vras decidedly abnormal in 
character, the promycelium being very short and distorted. 

3. It is doubtful if the abnormal promycelium obtained in con- 
centrations of .0008N and .OOIN was capable of causing any infection. 
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4. Germination of spores in a .(K)06N copper sulfate solution was 
abnormal except for occasional ones which seemed to develop in the 
normal way. 

5. In the more dilute copper sulfate solution, .00002N to .0004N, 
germination apparently was normal. Occasional spores in concen- 
trations of .0004N and .0006N showed some copper injury. 
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I. INFLUENCE OP THE REACTION OF THE MEDIUM 
UPON THE PLANT 

Introduction* 

The reaction of the substrate in which the roots of plants develop 
is of obvious importance to the life of the plants. Earlier plant physi- 
ologists have neglected this factor, and it was not until recently as a 
result of studies on the intensity of the acidity of the soil solution of 
certain soils, on the one hand, and the relative resistance of different 
varieties of plants to alkaline conditions in certain types of 'alkali 
soils,’ on the other, that the significance of this factor was fully 
realized. 

Since the preliminary studies of Pantanelli^® and Hoagland,^® sev- 
eral investigators have attacked the problem. The practical, as well as 
theoretical importance of a more thorough understanding of the influ- 
ence of the reaction of the culture medium on the growth and meta- 
bolism of plants seemed to warrant the investigation here described. 

The object was twofold: (1) a study of the effect of various con- 
centrations of hydrogen ions on the external appearance and growth 
of the more common agricultural plants; (2) the effect of the reaction 
on the metabolism of these plants. 


*T}ie writer wishes to acknowledge his indebtedness to Professor D, B, 
Hoisgland for adviee and kindly suggestions daring the course of the investigation. 
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For obvious reasons, it was impossible to employ more than a few 
types of plants to accomplish these aims; hence plants were selected 
which were adapted to the methods of experimentation, and which 
may be considered as representative of the majority of field crops. 
These were alfalfa {MedAcciga sativa), cotton (Gassypium herbaceum, 
Durango variety), cucumbers (Cmumtis saiiva, White Spine variety), 
Bermuda grass (Cymadan dactylon)y corn (Zea mats, White Dent 
field corn), barley {Hordewm vulgare, Beldi variety), and peas (Pisum 
sativum, Canada field), the latter two being the principal ones used 
in the study of the inter-relations between the metabolism of the plant 
and the reaction of the culture solution. 

Owing to the complexity of the soil and the reactions taking place 
therein and because of the many complicating factors which enter when 
sand cultures are used, solution cultures were employed exclusively. 

Experimental 

Baker's analyzed salts and the ordinary distilled water of the 
laboratory were used in making all culture and stock solutions. The 
stock solutions were those vasM regularly in this laboratory. Table 1 
gives the weights of salts added to 18 liters of water to make up those 
solutions. 


TABLE 1 

Weights op Salts Dissolved in 18 Liters op the Distilled Water to 
Make up the Stock Solutions 


Solution I 

Solution II 

Solution III 

KNO., 

MgS04 

: 1200 grams 
679 grams 

Ca(N08)* : 1805 grams 

KH 2 PO 4 : 900 grams 


In table 2 is given the composition of the culture solution used 
throughout in this investigation (except where otherwise stated). 
This solution was made by adding 80 c.c. of solution I, 40 c.c. of solu- 
tion II, 480 C.C. of solution III, and 24 grams of NaNOa to 44 liters 
of water. 

TABLE 2 


Composition of Culture Solution Expressed as Equivalents, per Liter 


K 

NO. 

HiPOi 

Ca 

Mg 

SO 4 

Na 

Ph 

- - 

.0052 

.0087 

.0040 

.0011 

.0007 

.0007 

.0064 

1 

4.9 


Iron was supplied in the form of ferrie tartrate, one* cubic centi- 
meter of a 0.5 per cent solution being used per liter of culture solution. 
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In figure 1, the titration curve of the solution is reproduced. This 
was obtained colorimetrically. By interpolation the amounts of acid 
or alkali to be added to eleven liters of the solution to obtain any 
desired Ph within the useful range can be found from this graph. 



yo 40 30 6,0 7.0 6.0 %0 


Fig. 1 

In an effort to keep the composition of the solution as constant as 
possible over the entire range of reactions used, the concentrations of 
Ca and Mg were kept low, and were regulated by the amount of 
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calcium which will remain in solution at Ph 8.0. A precipitate usually 
occurred at Ph 8.5 and often at 8.0 after a few daya A comparatively 
high concentration of phosphate was used, on the other hand, in order 
to increase the buffer effect of the solution. Unfortunately, the buffer 
effect varies over different ranges of reactions. 

This serious defect may be partly remedied by the addition of an 
acid with a dissociation constant of about 4.5 and a base with a con- 
stant of about 5.5. The only non-toxic acids having the desired con- 
stant are organic acids, e.g., citric acid. Owing to the danger of 
excessive bacterial growth in solutions containing organic matter, 
however, these non-toxic, organic acids cannot be used satisfactorily 
(Salter and Mcllvaine®^). Ammonium hydroxide may be used to 
supplement the buffer effect of the phosphate at Ph 8 to Pm 10, but the 
advantages to be gained here are small and the presence of the ammo- 
nium ion may introduce complicating factors. 

Growth in the culture solution was very satisfactory if changes 
were made weekly. Sulfuric acid and sodium hydroxide were used 
to regulate the Ph values of the solutions. Measurements of the reac- 
tion were made by the indicator method of Clark and Lubs.^® Frequent 
use was also made of a Hildebrand-type hydrogen electrode. 

The plants were germinated between sheets of wet paper toweling 
and the usual methods of solution culture technique followed. At 
first properly covered Mason jars of 950 c.c. capacity were used as 
containers. In each jar, three plants were grown, ten jars being 
employed for each Ph tested. 

The plants were grown in series of solutions having the following 
initial values : 4.0, 4.5, 5.0, 6.0, 7.0, 8.0, 8.5, and 9.0. Since the reaction 
changed very rapidly in the direction of neutrality, the solutions were 
renewed every second day. These frequent renewals, however, did 
not prevent the reactions of the solutions from being changed consid- 
erably during the later stages of growth. The maximum changes in 
reactions are tabulated in table 3. The plants were grown from 3 to 4 
weeks, within which time sufficient growth was made to determine at 
which reactions they were affected adversely. 


TABLE 3 

MAxmvu AND Minimum Values or tax Exactions at Timx or Change 


Initial Ph of Series 

4.0 

m 

ao 

6.0 

7.0 

8.0 

8.5 

Maximum and minimum 
Ph at time of change 






ijjjl 

8.4r-6,0 
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We assume naturally that the slightly increased concentrations of 
Na ions and SO 4 ions used in regulating the Ph values of the different 
solutions have no effect on the plant, and that all differences in the 
external characteristics are caused directly or indirectly by the activi- 
ties of the hydrogen or hydroxyl ions. The influence of the different 
reactions was determined by the relative weights of plants grown in 
the different solutions, the length and appearance of the roots, and 
the height and color of the tops. 

The general effect of excessive acidity is very characteristic, and 
is the same for all the plants used in the experiment. If the culture 
solution is injuriously acid, the roots thicken and soon become a dull 
white in color which is easily distinguishable from the silky white 
appearance of normal roots. Depending upon the degree of acidity, 
the roots may stop growing in length entirely or may grow only slowly. 
In the latter case, they become knobby, because of the excessive 
development of laterals which penetrate the outer layers of the root 
with apparent difiBculty. Lateral roots may develop to within a few 
millimeters from the growing tip. If the injury is not too severe the 
roots recover very rapidly when placed in a more favorable solution. 
The tops of the plants show a marked stimulation in growth and 
general vigor, as a rule, when compared with the plants grown in a 
more favorable solution. The stimulation, however, is of short dura- 
tion and after two weeks they begin to lag behind. Similar results 
were obtained by Hixon.^^ 

An injurious alkalinity of the culture solution is very readily 
recognized by a yellowish discoloration of the roots. In extreme cases, 
the roots become gelatinous and soon disintegrate. At first the tops 
showed no differences in size and vigor as a result of injury to the 
roots when compared with the tops of plants growing in a more 
favorable solution. After two to three weeks, however, a decided 
stunting was noticeable, and chlorosis of the new leaves set in. 

Chlorosis is generally ascribed to the lack of available iron. This 
was probably the main cause of the chlorosis of those plants grown in 
the alkaline series. That excessive concentrations of hydroxyl ions, 
however, may cause chlorosis directly seems certain from the following 
considerations. 

A distinct test for iron could be demonstrated in a solution kept 
at Ph 8.5 even after chlorotic plants had been growing in it for a 
week. Cucumbers and alfalfa will show chlorosis at Ph 7 within two 
weeks; at this reaction neither barley nor peas show any chlorosis 
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even after nearly two months’ growth. By this time, one would expect 
the supply of iron stored in the seeds of the latter plants to be 
depleted. Gile and Correro^ found that ferric tartrate supplied the 
necessary iron to plants grown in solutions which they thought to be 
alkaline. 



It may be objected that the iron is not translocated from the roots 
to the tops in the case of the plants growing in an alkaline solution, 
an4 hence the plants are nevertheless suffering from a lack of iron. 
The reaction of the root juic^, expressed after freezing, indicates, 
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however, that it is hardly possible for the increased concentration of 
the hydroxyl ions to interfere with the translocation. 

All the plants grown on the acid side of Ph 6.0 were deep green ; 
above this reaction the color gradually became paler gre(*n, merging 
into complete chlorosis at the higher Ph values. 

It is apparent that the plant is influenced strongly by the reserve 
store of food material in the seed. Great care must be taken in making 
any deductions from the experiments in which the plants have been 
grown for a short period of time only. 

A much more thorough study of the problem has been made using 
the technique described below. The results of the experiments just 
discussed are therefore summarized in table 4 without further detail 
here. 

TABLE 4 


Kffect of Aciditt and Alkalinity on Growth of Various Plants 


Plant 

Ph 

injuriously 

acid 

Ph at which > 
optimum 
growth 
takes place 

Ph j 

Injuriously : 
alkaline 

Ilemarks 

Alfalfa 

4 2-4 5 

4 8-6 0 

m 

Very sensitive 

Cotton 

4.2-4 5 

5 0-7 0 


Fairly resistant 

Cucumbers 

4. 2-4. 5 

4 8-6 0 


Very sensitive 

Barley 

4 2-4 5 

1 4 5-7 0 


Resistant 

Bermuda grass 

4 2 

4.5-8 0 


Highly resistant 


All the varieties of plants tested, except the Bermuda grass, were 
affected adversely by approximately the same intensity of acidity. 
Alfalfa and cucumbers were affected much more severely, a fact which 
is correlated with their greater sensitiveness to alkaline conditions. 
In all cases, the best growth was made when the reaction of the culture 
solution was between Ph 5 and Ph 6. It may be of interest here .to 
note that Fred and Davenport® found the critical point for the growth 
of alfalfa bacteria to be at Ph 4.9. This reaction is well wuthin any 
possible critical range for the host plant. 

The use of the technique described above involves an excessive 
amount of labor and errors are unavoidable. At best, we are unable 
to control the reactions of the solutions satisfactorily. The advantages 
of the technique evolved later and described below will at once be 
evident. 

Whereas with the former technique, 30 plants were grown in ten 
different jars at every Ph value in the experiment, all 30 plants were 
now grown in one three-gallon (eleven liter) earthenware crock. The 
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plants were sapx>orted as before in p^orstions on a cork idieet made 
by binding together three 12" x 4" x %" cork slabs with two strips 
of wood nailed on the edges. To prevent lateral movements, small 
pieces of wood were nailed on the underside of the overlapping 
corners. Slabs of wood %" thick serve the purpose even better, since 
the plants can be supported more firmly in them. These slabs must be 
soaked thoroughly in hot pure paraifin so as to prevent the absorption 
of water. By growing all thirty plants in this large volume of solu- 
tion, the effect of the inherent variability of the plants is minimized 
and most of the experimental errors are eliminated. The roots can 



be inspected readily and the Ph of the solution can be adjusted con- 
venimitly, rapidly, and as frequently as desired. The Ph is adjusted 
by withdrawing 5 c.c. samples of the solution and determining the 
reaction colorimetrically. The amounts of acid or alkali which must 
be added to bring the Ph to the original value are read off from 
figure 1, and the required quantities added to the solution. Figure 1 
applies strictly to only the fresh solution. Within a wedc, however, the 
composition of the solution did not change sufficiently to invalidate 
the method. The solutions were changed every we^ and the Ph 
adjusted twice a day, i.e., in the morning and evening. During the 
later stages of growth, this becomes necessary mwe frequently in the 
case of plants growing at the reactions Ph 4.0-5.0 and Ph 8.0-9.0. 
Over these ranges, the buffer effect of the solution is relatively small 
and the power of the plant to change the Ph of the solution is increased 
(see figs. 4 and 5). All the plants experimented with showed a tend- 
ency to change the Ph of the solutions to a value between Ph 6-2 
and 6.8. 
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Because af the lack of time, it was not possible to subject all the 
plants used in the former experiments to these better controlled 
methods. This was done, however, with foul" widely different t^Tpes 
of plants, namely, barley, peas, cucumbers, and com. 



In table 5, one experiment with peas is summarized. In the first 
column are given the desired reactions of the solution, in the second 
the highest and lowest Pji values reached during the course of the 
experiment, and in the seventh the number of cubic centimeters of 
normal hydrogen (sulphuric acid), or normal hydroxide ions (sodium 
hydroxide), added during the entire period of growth to replace that 
neutralized by the plants. 
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In fi^re 2, the green weights of the tops of 30 plants of the four 
types are plotted against the Ph of each series (see column 1, table 5), 
and in figure 3, the length of the roots. Since neither the change of 
Ph nor the change in the total molality of acid or base with time is an 
arithmetic function, it is impossible to calculate an average Ph. The 
true average Ph values differ only by a small amount from the desired 
Ph such that the given curves are not greatly different from the 
curves which would be obtained if the true average reactions were 
used. The differences are within the limits of the experimental error. 

TABLE 5 

Summary of a Typical Experiment with Peas 


Desired 
Ph of 
series 

Maxi' 
mum 
ranjce 
of Ph 

Days 

grown 

No. of 
plants 

Green 
weight 
of tops 
gms. ^ 

Len^h 

roots 

cnis. 

C.C 

Reaj 

neutri 

Acid 

N/l 

?ent 

diced 

Alkali 

Remarks 

3 9 

3.9-4 0 

25 

30 

82 8 

28 

14 8 


Roots severely injured 

4.5 

4 5-4 7 

25 

30 

86 2 

35 

8 8 


Very slight injury to 









roots 

5.0 

5. 0-5.2 

25 

30 

95 3 

40 

8 9' 


Best growth 

0.0 

6 0-6 1 

25 

30 

94.2 

40 

7 0 


Best growth 

7.0 

7.0*6 9 

25 

30 

81 1 

38 


8 0 


8.0 

8 0-7 9 

25 

30 

59 4 

25 


60 0 

Tops slightly chlorotic 

8 5 

8.5-S 3 

25 

30 

27 6 

20 


i 41.0 

Roots badly injured. 









Tops chlorotic 


The juices of the plants were needed for other experiments, so 
the dry weights were not determined. For the present purpose, the 
green weights of the tops give a reliable criterion of the general vigor 
and size of the plants. The differences in the weights of the barley 
and pea plants can hardly be considered as significant in themselves 
on account of the inherent variability of the plants. If the observa- 
tions on the other effects are taken into consideration, however, it 
becomes evident that the small differences in weight are true expres- 
sions of the effect of the corresponding reactions on the growth of 
the plants. 

The maximum changes in Ph brought about by all four types were 
the same as that given for peas in column 2, table 5, except in the 
case of corn, grown in the alkaline solution, where the reaction fre- 
quently reached the Ph 8.1. Since four widely different types of 
plants were used, the curves may be considered as a definite measure 
of the effect of the reaction of the culture medium on the growth of 
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most agricultural plants as indicated by the yield. They show unmis- 
takably that the optimum range of the reaction for the propagation 
of these plants in solution cultures is between Ph 4.5 and 6.0, and 
agree substantially with the results found with the earlier method of 
experimentation (see table 4). In figure 4, the amounts of normal 
acid or alkali neutralized by 30 plants during the first 25 days of 



growth is represented graphically for each type. These curves are 
not strictly comparable, since the plants were grown at different times 
of the year. The amounts of acid or alkali neutralized within a 
definite period of time depend largely upon the rapidity of growth. 

Although the curves are only of a qualitative significance, they 
are very expressive of the power of the plant to overcome any unfavor- 
able acidity or alkalinity, especially the latter. This power is of 
obvious importance to the plant and must form an integral part of 
any study of acid or alkali resistant crops, either in the soil or in 
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solution culture. Under natural conditions, the plant has to contend 
with the reaction of the medium in which its roots are immersed or 
imbedded from the time of germination to maturity. If the medium 
is sufficiently highly buffered or is continually renewed, such that 
little or no change of reaction is brought about under the influence 




of the plant, the ability to overcome any unfavorable reaction is cor- 
rectly expressed by these curves. Prom a purely theoretical point of 
view, however, this ability may be determined at different reactions 
for plants treated similarly up to the time, of experimentation, so 
that the vigor and internal mechanism of all the plants will as nearly 
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as possible be the same 'when subjected to the different acidities or 
alhalinities. These must be such that the plant mechanism will not 
be injured or altered materially during the period, of experimentation. 

Five, sets of 25 barley plants each were grown in earthenware 
crocks of 7^ liter capacity. All the solutions had a reaction of 
Ph 6.8, and were changed we^ly. When plants were four weeks 
advanced, the sets were transferred to solutions having the reactions 
4.0, 5.0, 6.0, 7.0, and 8.0, and these were kept as constant as possible 
for four days by the addition of N/5 acid or alkali. It was assumed 
that the sets of plants were not affected materially by the differences 
in reactions within this period of time. 

In figure 5, the amounts of N/5 acid or alkali neutralized are 
plotted against the desired Ph as before. Unfortunately the number 
of determinations made are insufficient to permit of the smoothing 
oiit of the curves. Their general shape, however, is ob'vious. On the 
alkaline side of Ph 6.8, the ability to neutralize excessive concentra- 
tions of hydroxyl ions increases very rapidly with the increase in Ph 
and probably does not reach a maximum even at Ph 8.0. On the 
acid side, however, the increase is less rapid and reaches a maximum 
between Ph 4.0 and 5.0. 


Inflxience of Factors other than the Reaction 

The plants were grown in the open during the summer months 
and in a heated greenhouse during winter. In the course of the 
investigation, it became evident that plants grown at different seasons 
show slight differences in their resistance to the effect of the reaction. 
This is most probably due to the differences in the rate of growth 
under different atmospheric conditions. 

The influence of the composition of the culture solution on the 
effect of the reaction was not determined, as only one solution "was 
used throughout the investigation. It is highly improbable, however, 
that the composition of the solution, within wide limits, is a factor 
in any of the divers phases of this study. The results obtained by 
Salter and Mellvaine*^ and those obtained by the writer seem to 
substantiate this assumption. 

The amounts of water transpired by plants from solutions of 
different reactions were found to be the same within the limits of the 
experimental error. 
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Discussion 

The conclusion reached by earlier workers^' was that the H 
ion was more toxic than the OH ion to plants growing in solution 
cultures. Their results, however, are untenable because they failed 
to distinguish between potential and actual acidity or alkalinity. The 
ability of the plant to change the reaction of the nutrient medium 
was likewise overlooked. 

In a series of papers, Hoagland’®' has called attention to 

both these factors and showed that the OH ion is much more toxic 
to barley seedlings in solution culture than the H ion. An OH 
ion concentration greater than Ph 8.2 was distinctly injurious, 
whereas an 11 ion concentration of Pn 5.0 was found to be favorable 
to growth and to cause no injury. Similar results were obtained by 
Duggar® using various types of solutions and growing the plants 
under the most diverse environmental conditions. One of the most 
complete and satisfactory studies on this problem is that of Salter and 
Mcllvaine.^’ These investigators experimented with corn, wheat, 
soybeans, and alfalfa, growing the plants at seven dilferent II ion 
concentrations. The plants were grown for relatively short periods of 
time and the solution changed once every four days. A distinct maxi- 
mum in the growth of the plants was found at Ph 5~Pn 6. At a neutral 
reaction, decided decreases in the yields could be demonstraterl. 

We have already called attention to the advisability of growing 
the plants for a considerable length of time so as to overcome the 
influence of the food supply stored in the seed. Only in this way 
is it possible to obtain a true measure of the effect of the reaction of 
the solution. The growth periods employed by these investigators 
were undoubtedly too short. On the other hand, the variations in 
reaction caused by young plants are relatively small, so that plants 
grown in accordance with the technique they employed wdll give more 
reliable results if the experiment is discontinued after two weeks 
than if the plants are grown for a longer period of time. . Our results 
agree substantially with those of these investigators. 

Ilixon^* found a distinct minimum in the development of young 
plants as measured by the growth in length of the roots and tops at 
Ph 5 for Pisum and Ph 6 for most other plants. This minimum point 
is interpreted as that of greatest efficiency and the point of normal 
growth. We have been able to confirm his results in part. A decided 
stimulation occurred at acidities which injured the plants definitely 
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later on. No stimulation was noticed in the tops of plants grown in 
alkaline solutions. The roots were occasionally longer than those 
of the plants grown at Ph 5 or Ph 6. 

A glance at figures 4 and 5 is sufficient to make evident the import- 
ance of controlling the reaction of the solution under investigation. 



I'Mg. 8 
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Changes of solution every fourth or fifth day are obviously insufficient 
to maintain the Ph constant even approximately, when the plants 
are three to four weeks advanced. With small volumes of solutions 
supporting relatively large numbers of plants grown at Ph 5, this 
becomes increasingly difficult. In an investigation by McCall and 
Haag,^® this point seems to be lost sight of completely. Prom their 
investigations, it appears that wheat plants grow best at reactions 
between Ph 3 and Ph 4. It is very plain, however, that the reactions 
. of the solutions in the neighborhood of the roots must have been very 
different from what they were assumed to be. It is not strange that 
the solution with the highest buffer effect gave the poorest growth. 

In culture solutions, the diffusion of solutes is relatively rapid 
and as a rule the reaction around the roots is the same as that in the 
bulk of the solution. If, however, the free diffusion is interfered 
with, such as often happens among the roots in the upper few inches 
of the solution, the reaction may be very different in this region from 
what it is in the bulk of the solution. Over the ranges of low buffer 
effect, a difference of 0.5 Ph can occasionally be demonstrated under 
such conditions. In soils, the diffusion is infinitely slower and the 
reaction of the solution in contact with the absorbing roots will be 
determined solely by the ability of the plant to overcome the buffer 
effect of the soil complex in its immediate vicinity. Considering the 
j)Ower of growing plants to regulate the Ph value of the culture 
medium, the conclusion is inevitable that the direct effect of the 
actual reaction of most soils can hardly be a factor in the complex 
which determines the growth of the plant in that soil, provided the 
plant has the ability to establish itself firmly. In this connection the 
work of Joffe’® with alfalfa is very elucidating. The results obtained 
with solution cultures agree well with those of this investigator using 
soils acidified artificially. 

Prom the determination of the reactions of numerous acid soils 
reported by Gillespie,® and Sharp and Hoagland,*® it is apparent 
that the reaction of the majority of these soils can have little or no 
direct effect on the growth of plants. The infertility of acid soils, 
can usually be a.scribed to causes other than the H ion concentra- 
tion. The solubility of aluminum in the slightly acid soil solutions 
of these soils is undoubtedly responsible for some of the phenomena 
attributed formerly to the acidity of the soil.^' 

The soil solution of many alkali soils has a highly alkaline reaction, 
which tends to prevent the young plants from germinating or develop- 
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ing. Geminating seeds have a remarkable ability to change the 
reaction of the alkaline medium in which they are immersed, in the 
direction of neutrality, so that the Ph value around the seeds may 
be made favorable to germination. The ability of the seedling to 



Fig. 9 


regulate the reaction is comparatively small and hence the young 
roots may be unable to penetrate beyond the regions of the favorable 
reaction brought about by the seed. If the soil solution has both a 
high Ph value and a high concentration of salts, the seedlings will 
naturally be unable to survive. 
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Effect of Reaction of Culture Solution on the Reaction and 
Buffer Effect of the Plant Juices 

The plants from the experiments described above were frozen 
immediately after they were harvested. This was done in a cold room 
kept at 12® F., from which they were only removed as they were 
needed. The plant juices were obtained by grinding the frozen mass, 
thawing this rapidly in a warm room, and then expressing the sap by 
hand through a few thicknesses of cheesecloth. All determinations 
were made as soon as possible after the frozen ground material was 
thawed out. 


THE H-ION CONCENTBATION OF THE SAP 

The reaction of the juices of the roots and tops, obtained in the 
above way, was measured by means of a Hildebrand hydrogen elec- 
trode. Difficulty was experienced in making the measurements as 
reduction of NO.^ ions apparently took place on the electrode. This 
was especially true in the case of the juices from those plants grown 
at the acid reactions. This difficulty was obviated to some extent by 
leaving the NaNO,, out of the culture solution during the last week 
of the experiments. 

In figures 6 and 7, the reactions of the tops and roots of cucumber, 
barley, pea, and com plants grown at different reactions are repre- 
sented graphically. The reactions of the sap expressed from the tops 
were not influenced by the reaction of the culture solution, the varia- 
tions in reaction being within the limits of the experimental error. 

On the other hand, the reactions of the root juices are decidedly 
changed by the reaction of the solution.* It is plain, however, that 
the reactions of the roots are very different from the reactions of the 
solutions, except when these are between Ph 6 and Ph 7. Whether 
the reaction of the root juices is influenced according to anj’’ definite 
rule by the reaction of the solution, as may be suggested by the curve 
for pea roots, it is impossible to say at present, owing to the relatively 
large experimental error involved in these measurements. Truog and 
Meacham,®^ after studying the effect of additions of lime to a soil, 
concluded that the reaction of the soil can influence the reaction of the 
sap expressed from the tops of the plants. It seems obvious, however, 
that the differences in the reactions from the limed and unlimed plots 


* Compare Bryan, O. C., Effect of different reactions on the growth and 
nodule formation of Soy beans. Soil Science, vol. 12, no. 4, pp. 271-287 (1922). 
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are •within the experimental error, apart from the fact that many 
other factors enter in the case of plants growing in limed and unlimed 
acid soils. 



Fig. 10 
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THE BUPPEB EPPECT OP THE SAP 

The juice obtained from Uie plants in the way described was 
titrated electrometrically (after an equal volume of water had been 
added) with N/20 acid and alkali. The Ph value was invariably 
increased by about one-tenth of a magnitude of the dilution. 



In figures 8 and 9 the titration curves for barley tops and roots, 
respectively, are given. The curves are repr^ented as if 25 c.c. of 
undiluted sap had been titrated with N/10 reagenta The correspond- 
ing curves for peas are given in figures 10 and 11. 
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HempeP* has shown that the buffer effect of plant juices is mainly 
due to the organic acids and salts of these acids contained in the plant 
system. It appears from figure 8 that the reaction of the nutrient solu- 
tion has influenced the concentration of those ahids with dissociation 
constants less than 10’^® very markedly in the tops of barley plants 
although the reaction of the expressed sap is apparently unchanged. 



In the roots the buffer effect is also influenced. Here, however, only 
those acids with a dissociation constant higher than 10“® are affected. 
In the case of the pea plants, neither the reaction nor the buffer effect 
of the sap expressed from the tops was influenced by the reaction of 
the nutrient medium. The roots on the other hand were affected 
similarly to the barley roots. These plants were grown in a green- 
house during the winter. 

In figure 12, the results of a similar experiment with peas grown 
in the open in summer are given. In this experiment, the reaction of 




434 


University of California Publications in Agriculture^ Sciences [Vol. 4 


the sap expressed from the tops was unchanged, but the buffer effect 
was influenced by the reaction of the culture solution. The effect, 
however, is the reverse of what it was in the case of the tops of the 
barley plants, and in both instances was only noticeable in the con- 
centration of those acids with a dissociation constant lower than 10~®. 

Unfortunately, it was not possible to pursue this line of investiga- 
tion with additional plants and under the different atmospheric con- 
ditions. It seems, however, that a thorough study along these lines 
will throw considerable light on the salt metabolism of plants. 


Summary 

1. The influence of the reaction of the culture medium on the 
growth and metabolism of the common agricultural plants was studied 
by growing typical plants in solution cultures at different reactions. 

2. After experimenting with several different methods, a technique 
was devised by which the reaction of the solution could be conveniently 
controlled. Particular attention was given to the constant mainten- 
ance of the desired hydrogen-ion concentration during the experi- 
mental periods. 

3. Plants grown in solution cultures have an optimum growth 
reaction at Ph 4.5 to Ph 6. 

4. The reaction of the juice expressed from the tops of the plants 
was not influenced by the reaction of the culture medium, whereas 
the reaction of the juices expresesd from the roots was modified 
considerably. 

5. The buffer effect of both the roots and the tops may be influ- 
enced by the reaction of the culture solution. In the tops, the acid 
reserve is affected and in the roots, the alkali reserve. 

6. Observations were made on the ability of the growing plant to 
change the reaction of either acid or alkaline culture solutions. 
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11. POSSIBLE MECHANISM OP THE PLANT’S INFLUENCE 
ON THE REACTION OP THE CULTURE SOLUTION 

Recent studies on the absorption of inorganic ions by plants as 
well as the large amount of work done on the problem of the antagon- 
ism between ^ions and the physiological balance in culture solutions 
have thrown some light on the mechanism by which the plant obtains 
its inorganic elements. The importance of a more thorough knowl- 
edge of this process is undisputed. Unfortunately investigations on 
this problem are hampered by our meager knowledge of the true 
nature of solutions and the methods of analysis at our disposal. 

In considering the absorption of any ion, account must be taken 
of the activities of that ion inside and outside of the membrane 
effective in absorption. We are at present unable to determine the 
activity of any ion in a system as complex as a complete culture solu- 
tion except that of the H ion, which can usually be determined with 
sufficient accuracy. 

Since the activity and the total molal concentration of the H ion 
are conveniently and rapidly determined and since we have every 
reason to believe that the H and OH ions are absorbed, fundamentally, 
in the same way as any other positive or negative ion, we have here 
a very efficient means of studying this problem. 

In Part I of this investigation, a series of experiments were 
described which were concerned mainly with the effect of the reaction 
of a culture solution on the growth and metabolism of several types 
of plants. In the present paper, some preliminary experiments are 
described wliich are concerned with the effect of the growing plant 
on the composition and especially on the reaction of culture solutions. 

Pantanelli® observed that plants always changed the reaction of a 
single salt solution in the direction of neutrality except when 
(NH 4 ) 2 S 04 was the solute. In a solution of this salt, the reaction 
remained at the initial value, namely Ph 5. Similar results were 
obtained by Hoagland^ with barley plants. Later work shows that 
solutions of (NH4) Cl, K2SO4 and some other salts behave similarly 
to (NH 4 ) 2 S 04 . The reaction may even change appreciably toward a 
higher acidity especially when the plants have not been previously 
grown in a complete culture solution. When complete culture solu- 
tions were used, the reaction was invariably changed toward neutral- 
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ity. These results with complete culture solutions were confirmed by 
Duggar® and several later workers for different types of plants and 
solutions. Jones and Shive® found that the reactions of 20 repre- 
sentative solutions of the Tottingham series were changed toward 
neutrality. When, however, (NH 4 ) 2 S 04 was substituted for KNOg 
in these solutions, the reactions remained practically constant at the 
original value, namely Ph 4.8. 

In the present investigation, all the plants experimented with 
invariably changed the reaction of the complete culture solution 
toward some point between Ph 6.5 and Ph 6.9, irrespective of what 
the original concentration might have been (see Part I). 

The exact mechanism by which the plant changes the reaction of 
a solution has not been established. In a uni-salt solution, this may 
be ascribed to ionic exchanges, and on the alkaline side, the OH ions 
are partly neutralized by carbon dioxide excreted from the roots. 
In a complete culture solution, the problem becomes more complex. It 
will thus be of advantage to tabulate the different methods which a 
growing plant conceivably might have at its disposal for changing 
the reaction of the solution. 

The decrease of H ion concentration would be accomplished : 

1. By neutralizing H ions by OH ions derived from some base 
excreted by the roots or from dead root cells. 

2. By absorbing H ions and simultaneously replatiing these by 
some other positive ion. 

3. By absorbing an anion and excreting OH ions simultaneously. 

4. By absorbing H ions and an equivalent amount of some negative 
ion. 

5. By absorbing an anion and excreting simultaneously another 
anion which forms an acid with a lower degree of dissociation or an 
acid which is volatile under the conditions. 

The H ion conceiltration is increased : 

{a) If OH ions are neutralized by H ions derived from some acid 
excreted by the plant or from dead root cells. 

(6) If OH ions are absorbed but simultaneously replaced by some 
other anion. 

(c) If OH ions and an equivalent amount of a cation are absorbed 
simultaneously. 

(d) If a positive ion is absorbed and replaced by H ions. 

Excretions by the roots are confined to the acid HCOg'* (or GO^) 

and, under certain conditions, small amount of cations, notably 
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calciu^i. The quantities of the latter are, however, insufficient to 
account for more than a very small part of the power of the plant to 
change the reaction of the solution. The increase in the Ph value 
must thus be accounted for by methods 3, 4, or 5. 

The decrease in the Pn value of a culture solution might take place 
by any or all of the methods outlined under a, b, c, and d. In some 
cases the Ph value of the solution is decreased to about Ph 3.2, as 
frequently happens in a uni-salt solution of K 2 SO 4 , for example. Since 
the concentration of the OH ions is vevf small at this reaction, it is 
possible that method d is chiefly involved. Method c, however, can- 
not be excluded from consideration. 

The plant has a very efficient means at its disposal for reducing 
the alkalinity of a solution in that it normally excretes relatively large 
amounts of CO 2 (method a). This, however, is not the only mechanism 
involved as is apparent from the results of the following experiment. 
Corn plants growing in a complete culture solution maintained at 
Ph 8.5, as was describcKi in Part T, neutralized within one week 0.0257 
equivalents of alkali. When the solution was analyzed only 0.0185 
equivalents of CO 2 were found. Hence approximately one-fifth of 
the alkali added must have been neutralized by methods e and d. 
Whether this neutralization was brought about with either or both of 
these methods, the final composition of the solution would be the 
same. The solution must have lost approximately 0.007 equivalents 
of cations, except H-ion and an equivalent amount of OH ions. 

The conclusion, then, is inevitable that, exclusive of the H and OH 
ions, greater equivalent proportions of anions than of cations must 
be absorbed on the acid side. On the alkaline side, the reverse must 
be true. 

The rate of absorption of either the anions or the cations, or both, 
may be influenced by differences in the reaction of the culture medium 
in order to bring about this selective absorption. 

Several experiments were carried out to obtain some preliminary 
information on this point. The problem was attacked by means of 
absorption studies, the relative amounts of the different ions absorbed 
at different reactions by similar plants being determined. For the 
purpose of these experiments, actively growing four-week-old plants 
were used. The plants were grown in earthenware crocks, the solu- 
tion used being identical with the culture solution described in Part 1, 
except that KNO..t was substituted for NaNOs. The reactions were 
maintained at certain definite values by means of the technique 
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described in Part I, and the absorption was allowed to take place 
over a period of from 3 to 4 days, after which the. solutions were 
made up to the original volume and analyzed. 

The results of experiments with barley and cucumber plants are 
given in tables 1 and 2, respectively. Similar experiments were carried 
out with peas, 

TABLE 1 

Absorption op Anions and Cations by Barley Plants at Different Bbaotions 




1 

Pir at which 

Total weights absorbed, gms. 


Period of 
absorption 

No. of 
plants 

solution was 
maintained 1 

1 

NO* 

PO 4 

K 

Ca 

Mg 

3 days 

30 

4.5 

,7144 

.1824 

.222 

-.018 

,023 

3 days 

30 

8.0 

.5952 

.1856 

.293 

.006 

.038 


TABLE 2 • 

Absorption of Anions and Cations by Cucumber Plants at 
Different Beactions 


Period of 
absorption 

No. of 
plants 

Ph at which 
solution was 
maintained 

Total weights absorbed, gms. 

NO* 

PO 4 

K 

Ca 

3 days 

25 

5.0 

.2557 

.0646 


-.0010 

3 days 

25 

6,0 

.2425 

,0420 

.105 

.0101 

3 days 

25 

7.0 

.2020 

.0720 

.180 

.0169 


It is apparent that the influence of the reaction is most marked 
on the rate of the absorption of the cations. Invariably there were 
more cations absorbed from the alkaline than from the acid solutions, 
i.e,, the rate of absorption of cations was increased by a decrease in 
the concentration or activity of the H ion and vice versa. This implies 
a relative increase of the activity of the cations in the solutions over 
that in the plant. It is more probable that the activity of the cations 
in the plant is decreased than that the activity of the cations in the 
solution is increased so as to bring about such a marked change in 
the rate of absorption of the cations. 

Loeb's® brilliant researches have thrown much light on the rela- 
tion existing between inorganic salts or ions and charged organic 
colloids and the distribution of ions on the two sides of a membrane 
when one side contains an ion which cannot diffuse through the mem- 
brane. To what extent the principles discovered by him may apply 
to the absorption of salts by plants it is impossible to say* at present. 
If it be assumed that ionic equilibria are established between the roots 
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and the solution, these principles will undoubtedly determine the 
equilibrium concentration of the ions. Unfortunately, however, the 
existence of such equilibria in plant cells has not been established 
definitely. Assuming, however, that an equilibrium is established 
between the ions in the cells, which are active in absorption, and the 
ions in the solution, the effect of the reaction on the rate of absorption 
of the cations is readily explained as will be apparent from the 
following considerations.* 

In the cell there are, among other substances, anions of organic 
acids, salts of these acids and probably of free acids, to which the 
membranes effective in the absorption are impermeable, and also com- 
plex colloidal bodies which are probably negatively charged (see 
below). Since the reaction of the cells of the roots (in so far as it is 
reflected in the plant juices) is influenced markedly by the reaction of 
the solution (see Part I), it is clear that an acid reaction of the culture 
solution will have the effect of depressing the dissociation of these 
acids and negatively charged bodies, and consequently the number 
of cations held by electrostatic forces will be decreased, i.e., the 
activity of the cations will be increased. In other words, the rate 
of absorption of the cations will be decreased by an increase in the 
II ion concentration. As a rule, a greater number of equivalents of 
nitrate ions were absorbed on the acid than on the alkaline side, 
whereas the absorption of phosphate ions was very irregular. Unfor- 
tunately, the ease with which a plant is able to replace certain anions 
absorbed by HCO3 ions complicates attempts to determine whether or 
not the rate of absorption of anions is affected by the reaction of the 
culture solution. If the root contains any positively charged bodies 
to which the membranes are not permeable, we would expect an 
increase in the H ion concentration to produce an increased rate of 
absorption of the anions. 

The charge on the proteins and other amphoteric bodies which 
constitute protoplasm becomes of paramount importance in this con- 
nection. To gain some information on this point resort was made to 
cataphoresis experiments. A slightly modified form of the apparatus 
described by Cohn, Gross, and Johnson^ was used for the purpose, 

* Since this paper was completed, work has been reported by the Laboratory 
of Plant Physiology of Harvard University and by the Laboratory of Plant 
Nutrition of the University of California, which indicates that additional 
considerations must be taken into account. For example, experiments on the 
alga Nitella (from which uncontaminated cell sap may be obtained) prove 
that an ion may be absorbed from a solution of low concentration into a 
solution of high concentration, and that certain inorganic elements, such as 
potassium, exist in the cell almost entirely in ionic form. 
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and the migration of the nitrogenous constituents in the sap, expressed 
from the roots after freezing, was determined by analyzing the buffer 
mixtures in the cathodic and anodic chambers for nitrogen by the 
Kjeldahl method. In the case of the juices from the roots of barley, 
pea, and cucumber plants, the migration was invariably found to be 
toward the anode, proving that these bodies are charged negatively 
at the reaction at which they occur in the plant. The direction of 
migration wjis not reversed at a reaction of Ph 4.5. The same results 
were found when the root juices were well dialysed against distilled 
water. Since the reaction of the juice, when it is freshly expressed 
from the tissue, has a reaction of approximately Ph 6, it is plain that 
the isoelectric points of the nitrogenous bodies are considerably below 
the Ph values at which they normally occur in the sap. 

Deductions drawn from experiments with the expressed sap can 
hardly be considered as applying to the living root, which is a highly 
differentiated structure. The process of freezing may bring about 
changes sufficiently severe to change the sign of the charge on some 
of the ampholytes in the living cell or to cause mutual precipitation 
of oppositely charged colloids from the same or from different cells. 
In general it is improbable, however, tliat the isoelectric points of the 
different ampholytes will be changed materially by this treatment. 
Since the former are so far removed from the reaction at which these 
ampholytes occur in the root tissues, it is highly probable that the 
majority of the proteins and other nitrogenous bodies are charged 
negatively in the living cell, and that the sign of the charge is not 
readily reversible as assumed by Haynes.” The work of Meier^ sub- 
stantiates the above conclusions. This investigator found that the 
cell contents in the roots of actively growing plants moved under the 
influence of a small current as if they were negatively charged. 

If a plant be allowed to change the reaction of an acid or alkaline 
solution, a certain Ph must be reached at which the tendencj^^ of 
methods 3, 4, and 5 to decrease the H ion concentration is balanced 
by the tendency of methods a, c, and d to decrease the OH ion con- 
centration. Because of the many factors involved in this equilibrium, 
one can hardly expect this reaction to be very definite under the 
varying conditions of experimentation. For barley and corn, this 
value was found to be Ph 6.75 to Ph 6.8, and for peas, Ph 6.65 to 
Ph 6.7. 

The significance of this point is not known at presenj;. The main 
factor involved in bringing about this reaction in a solution seems to 
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be the activities of the CO2, H2CO3, and the ions of this acid in the 
plant and in the solution. If this equilibrium is disturbed in such 
a way as to allow the escape of COj, as may happen when the volume 
of the solution is diminished excessively by transpiration, the Pn 
value must rise. This is easily demonstrated by allowinj^ the solutions 
in the containers to ‘run down/ The reaction may rise to as high as 
Ph 8.5. On the other hand, if the other factors which contribute 
toward this equilibrium be missing, the Ph value will decrease till an 
equilibrium is established betw^een the CO2 of the atmosphere above 
the solution and the HoCO^ and HCO3" in the solution. Such a con- 
dition is brought about in distille<l Avater in which the reaction is 
maintained at a slight acidity. The equilibrium reaction also depends 
upon the rapidity with which the different ions are absorbed. In 
solutions in which the rapidly absorbed anion NO.; is replaced by the 
rapidly absorbed cation NH/, as in the investigation by Jones and 
Shive,"' the equilibrium will naturally be thrown over to the acid side. 

Prom the above considerations, it is obvious that an ‘optimum^ 
eultiire solution for the growth of plants will depend not only on the 
composition of the culture solution, but also upon the partial pressure 
of the ( -0. in the atmosphere and other atmospheric conditions. 

The fact that the optimum reaction for the growth of plants in 
solution culture* is on the acid side is possibly correlated in part with 
the greater case with which the respiratory COo can diffuse out and 
away from the roots at this reaction. If this theory is correct, the 
optimum reaction will even be slightly more toward the acid side in 
soil, since the diffusion of CO. is interfered with. 


kSUMMARY 

1. A study of the effect of the reaction of the solution on the 
absorption of the anions and cations by the plant is described. 

2 . Several methods are outlined by which the plant changes the 
reaction of either acid or alkaline culture solutions toward neutralit5\ 

3 . Absorption experiments show that the rate of absorption of 
the cations is increased by a decrease in the H-ion concentration, 
while the ability of the plant to excrete CO. from the roots allows of 
the selective absorption of anions from the acid solutions. 

4 . The charge on the constituents of the root cells may be aasumed 
to be of vital importance in the mechanism of absorption. 
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5. The nitrogenous constituents of the cell sap are charged nega- 
tively and the isoelectric points of the majority of ampholytes in the 
cell is below Ph 4.5, 

6. Pea plants change the reaction of either acid or alkaline solu- - 
tions from Ph 6.65 to Ph 6.7, whereas barley and corn plants change 
it from Ph 6.75 to Ph 6.8. The main factor involved in bringing 
about this reaction is the COa'HCO.,*” equilibrium in the plant and in 
the solution. 

Transmitted, March 2S, 19$S, 
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